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■ 

A sensor designed to delennine the aniounl and conccn- 
tration of analyte iit; a sanqile haViog a vohime of less than 
about I /iL. The sensor has a working electrode coated widi a 
non-leachable redox roediaion The redox mediator acts ^ an 
electron transfer agent between the analytic and the electrode. Id 
addition, a second elcctnm transfer agent, sucb as an enzyme, 
can be added to facilitate the elcctiooxidation or electroreduc- 
tion of the analyte. Iheriedox medSator is typically a redox 
compound bound to a polyiner. Tbt preferred redox mediators 
arc airoxidtzabie. The amoiint .of ao^d^ can be determined 
tbuktoetiy. iC>te particular coidcin^ tcdihlque indu^ 
mcasuremeRi of the tuiienc between |be tvoikiiig electrode and a 
counter or.feference electrode at. two-or more tiines. The charge 
passiBd by this current toor from die analyte bconc|3led widi -the 
amount of analyte in the sample. Odier electrachemical delecdon 
mediods, such as ainpcroroetriQ, voltammetric, and poleoliomei- 
ric techniques, can also be used. Hje invention can be insed to 
determine the concentration of a bionK>lecule, such as glucose or 
lactate, in a biological fluid, such as Wood or serum. An enzyme 
capable of catalyzing the electrooxidation or elcctrorcductibn of 
the biomoleculc is provided as a second electroo transfer agent. 
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Field of tic Invcnlmn 
5 woanalytes in a smaU volume saiiiple. 
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Backgroond of the Ihventfon ,. 

the and conce„t«tion of a biological analjrt^ . Such s«,«>xs are needed, fo^ 

^ to ^K>nitp^glu««e in dia^ticpa^^^ 

10 events: 

; "^^WTabletechnoio^^^ 

l^e ^pie volu.«. e.g., genendly requiring 3 nucn^^^ 
oth^b^oiogicalih^d TT^^eil™^^ 

. «^gai^leandsyringe.orl^I^^ 

and nulking»ti«^,oob.aii.ause^^^^ 

inconvenient for tbepade^. ana oflenpainiU. part^^^ 

arerequired. I^Painfoln«U„)dsforobtai^^^ . 

lancing .he ann or thigh, whicKbave a Wnerve ending den«^. 
lancu,gth,bodyintheprefenedregion.typicail^ 

blood^becausetheseregionsarenotheavily^lied^^ ^ 
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vessels. 



It would therefore bedesiiahle imd 



vay ns^ to develop a rdatiydy 
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painless, easy to use blood .nalyt. sensor, cap^bje 6f p^rfomung an accurate and 
sensiuve analysis of the conc^tration of a^Uytes in a small voW of sample." 

Summary of Ote Invention 

The sensors of the present invention provide a method for the 
d^ection. and quantification ofan analyte in submicroUter^^^^^ ,„ general thd 
.nvenUon inch.des a method and sensor for analysis of an analyte in a small volume 
of sample, preferably by coulometry. A biosensor of the invention utilizes anon- 
leachaWe redox mediator, preferably an air-pxidizable redox mediator and 



• • . . . ■ 

preferably immobilized on a working elect^^ The biosoisor also includes a 

- 

sample chaipber to hold the isample in electrolytic contacjt with the walking 
electrode. In a preferred embodim^t, the working electrode faces a counter 

. . electrode^ forming a measurement zone within the sample chamber, between the two 

5 . dectrode^ that is sized to contain less than about 1 p^ 

than about 0 5 pL, more prefwably less than about 02 pL, and most preferably less 
thaii about 0.1 pL of sample. A sorbent material is optionally positioned iii the 
sample chamber and measurement zpw to reduce the volume of sample needed to 
fiUtfiesanq)Ie chamber and measu^ 

0 * In Qiie mbodiment of the iii^ 

combines the effidency of conlomctric electrochemical sensing with a non-leachabte 

• . • . " * . . • 

redox mediator to accurately and efBcJehtly measure a bioanalyte in a submicroliter 

• . . • . ■ • " • . . . - * 

volume of sample. The preferred sensor includes an electrode, a non-leachable 
redox mediator on the electrode, a sample chmb^ for holdin 
15 elWtiical contact with the electip<](e and, preferably, sorbent material dispoised within 
the 3ample cAMber to reduce the volume of th^^ Tlie sample chamber, 

togethCT wiffi any sorbent matcr^^ 

volume that is typically lc?ss than about 1 pL, preferably less than about 0.5 pL, 

. more preferably less than abqut 0.2 pU and most preferably less than about 0. 1 pL, 
•- ■ . • ... ' • . • ' 

20 One embwlimentofthe invention includes a method for determmmg 

the concentration of an ^nalyte in a sample by, first, contacting the sample with an 
electrochemical sensor and then determining the (concentration of the analyte. The 
electrochemical sensor includes a facing electrode pair with a working electrode and 
a counter electrode and a sample diaihb^r, including a measurement zone, 
25 positioned between the two ^lecfarodes. The measurement zone is sized to contain 

less than about .1 pL of sample. 

The invention also includes an electrochemical sensor with two or 
more facing electrode pairs. Each electrode pair has a working electrode, a counter 

electrode, and a measurement zoiie between the two electrodes, the measurement 

* .. . 

30 zone being sized to hold less than about 1 pL of sample. In addition, the sensor alsp 
includes hoh-leachable redox mediator on the working electrode of at least one of 
the electrode pairs. 
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. • • • • . . • * 

* ■ . ■ ■ 

One aspecl of ihe invention is a iriethdd of d«^^ 
cpncentotion of an laudyle in a sanq,]e 

electrochemical sensor and detennining the concentration of the analyte 
couIon«.ry.TT,eelectioch«nicaI sensor ihcl^^ : 
5 *^fc«^M^-»«tereJectn>de:.lT,esa^^ 

holdmg a sample & electrolytic contact ^vith the ,«,dcing ^ 

sample chamber is sorbent mat^al to xeduce the voKmie ^^^^^ 

«>^I^*»'*«^l-'«>that&esamplechamb«ii . 
of sample. . 

TTie mvenuon ali» includes i sbisor and a method f^^^^^ 
detertmnation of the concentration of an analyte m a ^^^^^^^ 
, «»-^'»'~"'l>^:Tl«sensorhasas»^^ . 

ccuited on the support. At M, 90%ofthe«V-oxidi2able«dax mediator is i^ 
oxidizedstatepriortoint^ductionofasar^,^ T,.ehi^^ 
15 ^P^f-^thesensorandcorrdatingthe 

to a change in oxidation state of the redox mediator in the preso^ 

The sensor and method of this aspect of the invention:^ 
to, dectrochemical and optical sensois. 

A fimh« aspect of the invention is an integrat«l sample acqui^^ 

and analyte measurement device which iiKJudes asample acquisition means for 
pnxlucing a patient sample as well as a sensor of the invention for measuring analyte 

inthesample. The device is used for measuring analyte in a patient sample by first, 
contacting the patient with the device and then determ^ 
analyse, preferably by coulometry. 

Another aspect of the invention is a method for determining the 
concentration of an analyte in the sample with reduced «,or by contacting the 
sample with an electrochemical sensor that includes a first and a second electrode 
parr. Each dectrode pair has a working electrode and a sample chamber for holdin^^ 
the sample in electrolytic contact with the working electr^Hle/the sample c^^ 
bemg sized to contain less than about 1 mL of sample. The first electrode pair also 

has a noii-leachabJe redox mediator a™l non-leachable ertzyme on the workbg 
electrode. TT'c second electrode pair has a non-leachable redox mediator in the 
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absence of eoTyme oh the working electrode, Th^ method jurtjbier inchides the step 
of measuruig. substantially simultaneously, mid tit two or more times» a first current 

• ■ ■ • v • ' . ■■' ■ . ■ ■ ■■ ■ ■ 

generated at the first eleclJrcHlp pair eoid.^ 

■ ■ • * 

. . electrode pair;.. The measured first currents and second currents are independently 

5- integrated to give a first charge and a second charge, respectively. The second 

* • . ' ■ - 

. charge is subtracted ik»m the .first charge to give a noise-^ 

• * . • •■. • ■ * 

then cpirelated to the concentration of anialyte in the sample. This methcxl can be . 

■•'"*, ■ ' ■ * ■ - . ■' • " . • 

used to remove .errors ansmg fipm interferents or the mixed, oxidation state of the 
redox inediator jnior to introduction of the Sample/ 

• • ♦ • ' - i * 

10 Anothermethodof the invention for the.deterinination of the 

■* . . • • . _ . ■ • . - • 

. concentratioii.of an analyte in a sample includes the step of providing an 
electrochemical sensor which has one or more facing electrode pairs, each pair . • 

having a Woildng and a cQimter electrode and a measurement zone between the ' 

■ '. ' • • . .' * * ■ . ^ 

working and counter electrodes, the measurement zones of the one or more electrode 
15 pairshayingapproximately equal volumes of less thw The sensor al^ 

includes redox mediator oh the worldng deptrode of at least one . 
pairs. The method further- includes measuring a capacitance of one of the electrode 
pairs and calculating the volume of the measurement zone of that electrode, pair from 
the capacitance measurement > In addition, the sensor i3 brought into contact with 
20 the sample and the concentration of analyte in the sample, is determined by 
coulometry. . 

: . A fmlher aspect of the invention i$ a method of Storing and packagm 

• . > . . . * 

an analytical sensor which includes packaging the sensor in an atmosphere 

• ■ ' • . ' * . ' • * " • . . 

containing molecular oxygen. The sensor of this aspect of the invention includes 
25 air-oxidizable redox mediator. 

One embodiment of the invention is a method of determinirlg the 
concentration of an analyte in a sample by . contacting the sample with an 

electrochemical sensor, electrolyzing less thail about 1 |iL of sam 
determining the concentratiori of the analyte by couloinetry. The sensor of this 
30 embodimoit of the invention includes a working electrode and non-leachable redox 
mediator on the working electrode. The molar amount of non-leachable redox 
mediator in the reduced form prior to introduction of the sample into the sensor is 



. / ^^^'*™"'^«'Pectedmolar amount of analyte to - 

. be declrotyzed: '^^T.. 

• . • • • • • . . • . • _ 

5 

coulometiy; / . ... 

nu.de to the te^gs^d to the accoinpanying de^^ 
«lh«^ a«I descnT^d p„rfi«„d embo^^ 
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Brief Description ttf the Draw{n| 

• «««»""g«'*to.h^.dn^g3,wh^^ 
Iettc«iodicatecor«spondi„gi^fc«,th„,„g^^^ 

Figme 1 isaschcinaUc vfcwof afinAembodimem 
eJectn^hemical se^or inacconbnce^th thep^^^^^^^ 
having a woricing electiode and a counter electrode facing each other. 

Figure 2 is a sdiematic view of a second embodiment of an 
electrochemical s^ i„ ao^rdan, ^0. the principles of the 
luivmg a working el^.«, 3 counter electMe in a^«^^ 

Figures isasAeoudc view of a third embodimen^^^^ 
electrochemical sensor in ac««W with the principles of the present invention 

Wgaworidngelecuodeandaeoumerelectrode facing eatho.^ 
extended sample chamber* 

Figure 4 is a nol-to-scale sid^sectional drawing of a portion of the 
sensorofFigures 1 or 3 showing the relative position^ of the redox mediator, the 
sample chamber, and the electrodes; 

Figure 5 is a top view of an embodiment of a multiple electrode 
sensor in accordance with the principles of the present invenUon; 
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• • * • * 

. . Figure6> aperepecdveviewofanemb^ 
measuiemejitWceinaccpidam^wththepri^^ . 
having a ^mple acqmation means and the swns^ 

Figure 7 is a graph of the dwige reqn^ 
5 quantity pfgliu»se in an electrolyte bufiered so • . 

solution (opai circles) using the sensor pf Figure 1 with gluawe oxidase asthe 

second eledron transfer agent; 

Figure 8 is a grroh of the average gtacose «mcen^ti<His few the date 

of Figure 7 <buffeied solutions only) with caJi^raUon curves calculated to fit the 
10 avera^;alin«»caUbrationcuryewB.cal^ 

and a second order pblynbmial calibiationcurve was calc^^^ 

• ' • ' • ■ ■ . . • • ' . • • 

. concentrafions; 

• ■ . • ■ • . • 

Figure 9 is a Clarke-type cUnical grid analyzing the d^^^ 

of the glucose measurements of Figure 7; . 
jr. Figure 10 is a graph pf the charge requu^ed^^t^^^^^ 

qiiiitity of glucose in an electrolyte buffer^ solution ^sing thesensor of figure 1 

with glucose dehydrog(enase as th^ 

Figures llA, 1 IB, and 1 IC are top views of three 

electrochemical sensor of the present invention; 
20 Figures 12A and 1 2B are cross-sectional views of another 

embodiment of an electrochemical sensor of the present invention foimed using a 

* ■ • 

recess of a base material; 

Figures 13A and 13B are cross-sectional vievra oiFyel anoA^^ 

embodiment of an electrochemical sensor or the present invention formed m a recess 

'25 of abasenaatcnal;and 

Figure 1 4A and 1 4B are cross-sectional view of a further 
cmbodimentof an electrochemical sensor of the present invention formed using a 
recess of a base material and a sorbent material. 
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* " ■ • • ► * 

• • • • • 

J 

. Detailed Description of the Preferred Embodiment 

. When used herein, the folIoSving definitions define the stated tenn: 

■ • ■ ■ ■ ■ "... * • . ■ * ■ 

■ ■ . . * • 

An ''air-^}udizable medtatoi^ is arjedbx niediatcM'^^^^ 

. air^pirefmbly so. that at least 90% of the mediator is m^^ 

. . ■ ^- • . ■ . ■ "... ' . 

S storage m air within a uisefiil period of time, e.g./one month or less, and, preferably, 

■ , ■ ' . ' ■ ' ■ . ' * • 

one mdc orless, and, mOi^ preferably, one day or less. 

A '1>Jo]ogica] fliiicT is any body fhiid in whidi the analyt^ 

measured, for example, blood, interstitial fluid, dermal Ikiid, sweat, and tears. 

• . ' ■ ■ ■ ■ , 

The term 'lylood" in the context of the mventa^n m^^ 
id. blp(kl arid its cell-fiee components, namely, plasma and serun^ 

. **CouIometry^ is the detennination of cb^ 
pass during complete or nearly complete electrolysis of the ahatyte, either directly on 

the electrode pt thrdu^ one.or more electron transfer agents! The: diarge is 

■ ' ■ .. ■ • ■ . • 

■ ■ ■ ■ 

detenninex) by measurement of charge passed duriiig partial or nearly 

■ • * ' • ' ' ' • » 

15 dectrolysisoftbeai^]yteor,nkore6ften,byihu]tiideme^^ 

electrolysis of a decaying current and elapsed time. The decaying current results 

fix)m .the decliiie m the conce^ 

electrolysis. 

... , ■ . . • ■ • ' . 

A ''counter electrode^* refers to an electrode paired with t^^ working 

20 electrode, through which passes an electrochemical current equal in majgnitude and 

■ . • • . ■ . 

opposite in sign to the cuneiit passed through the working electrode. In the context 

of the invention, the term/'count^ electrode" is meant to include counter electrodes 

which also iuncticm as refmnce dectrodes (i.e, a c6unt»/ref^ence electrode). 

. All "electrodiemicai seiusor^' is a donee configured to detect the 

25. presence atidAH' measure the conceiitration of an analyte Via electrochiemical 

oxidation and reduction reactions on the sensor. These reactions are transduced to 

an electrical signal that can be correlated to an amotmt or concentration of analyte. 

"Electrolysis*^ is the electrooxidation or electroreduction of a 

. * ' ■ ■ 

compound either directly at an electrode ot via one or more el«:tron transfer agents. 
30 . ^ The term' "facing electrodes" refers to a configuration of the working 

and counter electrodes in which the. working surface of the working electrode is 

■ * 

disposed in approximate opposition to a surface of the coimter electrode and where 
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the distance between the working and counter electrodes is less than the width of the 
woiking surfice of the woiking electcode; 

^ <»"I»Vnd is "imipobilized" on a sulfate wh^ 
chemicdly. bound to the surface. . 

The "measurementzone'' is diifinp^^ 

chambCT sM to con^only thatpwtiori of the saiij^^^ 
during the anafyte assay. • . 

AVn-leachabte".or*^ii-n5]easable''compoundisacoini»^ ' 
which does not sutetantialiy diffiise away from the working smiace of the working 
electrode fortbe duration ofthe ana^ assay. • • 

A "re^ox jiiedialoi?* is an efectron transfer agent for carrying electrons 

between the analyte and the worldng electrode, either dirteUy^ 

electron transf^agient ... . ' 

*- ■•. * ** • .' '* 

■ . . • * ■ 

• • • • ' ■ " ' . 

agent** is a molecule \vbich carries 
electrons between^the redox mediator M.t^^ 

''Sorbait naatCTial»* is malerialwhidi wid^^ 
fluid sample in its Void volmne and which does not substantially prevent diflusion of 

the analyte to the electrode. 

• • ' * 

- . " . - ■ . * • • '. • • 

A *Svorking electrode** is an electrode at which analyte is 

10 electrooxidized or dectrdreduccdwiUi or without 

A *Vorkuig surface** is that portion of the woridng electr^^^ 
coated with redox n^ediator and configured for ex . 

The small volume in vitro analyte sensors of the present invention 

analyte in a portion of a sample 
5 having a volume less than about 1 pl^ prderably less than about 0.5 fiL, more 
preferably Iks. than about 0.2 ^L, and roost preferably less than about 0.1 \iL. The 

analyte of interest is typical^ provided in a solution or biological fluid, such as 
blood or serum. Refemng to the Drawings in general and Figuris 1 - 4 in particular, 
a^all volume, in vitro electrbdi^mical sensor 20 of the invention generally 
includes a working electrode 22, a counter (or counter/reference) electrode 24, aind a 
sample chamber 26 (see Figure 4). The sample chamber 26 is configured so that 
when a sample is provided in the chaniber the sample is in electrolytic contact with 
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both the woricing electrode 22 and the 



coimter electrode 24. This aUows electrical 



cunent to flow between the electrodes to effect the eJeCn,^^^ (electrboxidaUo. 
electroreduction) of the analyte. 



on or 
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WorfcijigEilectrode .. 

^heworidngelectrode22.inay^f^^ 
composite or it inay consk of ^ in«t «».concIdcting b^^ 
poIyester.. uponi^ch a suitaW«o„du<^ The conducting 

layc^shouldbavcKlativelylowelectricalr^si^ 

electrochei^ucallyinertaverthepotentialnmp/ofthes^^^^ 
Suitable conductors inch«Ie goH «ri«n, platinum,r«^^ 
palladium, as well a. other no„H»nrbding materials W to those skilled i„ the art 
Ihe electrode and/or cpnductmg laye« are deposited on th^ 
material by methods sudb is vapor depodtion or printing. 

A tab 23 m^V be provided on the end of the working el«^ 
easy ««mection of the electrode to external electronics (not shown) such as a voltage 
sourceorcunentmeasuringbquiiHnent. Otherknown 
used to connect the working electrode 22 to the external elect^^^^ 

Sensing Layer and Redox Mcdiaf or 

' . ' ' * ' • 

A sensing layer 32 containing a nonJeachable Ci-e^. non-releasable) 
redox mediator is dij^ on a portion of the woridhg electrode 22. 
thereislittleprnoleachingofther.^xmediat6rawaylk^ ! 
22 mto the sample during fee measurtraentperiod^^w^^^^ is typJcalfy less than about 
5 miputes. Morepreferably.the^oxmediatoisofthepresentm^^^ 
or otherwise immobilized on the working electoode 22 to prevent undesirable 
leaching of the mediator into the sample. AdiiRising or leaehable (i.e.. reieasable) 
redox mediator is not dearable when the working and counter electrodes are close 
together (i.e., when the electrodes are separated by less than about 1 mm), because a 
large background signal is typically produced as the w,bound mediator shuttles 
electrons between the working and counter electrodes, rather lU betwea, the 
analyte and the working electrode. TOs and other problems have hindered the 
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* * . • * • 

development, of low resistance cells and inqreased the mimmum sample ^ze required • 

*• • ' . • , ■ ■ ■ • ■ . * ■ 

for detennipatidn of analyte concentration. 

• ■ • . ... . . 

. •• • ■ " ■ ■ _ ■ " . • 

Application of sensing layer 32 Qb woiking dectrc^e 

working surface on that electrode. In general, the working surface is that portion of 

* \ ' . ' " * . . . ' 
S the working electrode 22 coated with mediator and able to contact a fluid sannple. If 

■ • . . . • • ■ ■ . 

a portion of the sensing layer 32 is covered by a dielectric or other material, tli^ the 

• » • • * * 

working .surface will only be that portion of the electrode covered by redox mediator 

and exposed for a)ntact with the sample. 

• ■ • ' . • • . ■ . * ". - 

' . • . • * *• . '■ . 

The redox mediator mediates a current between thc^ Working electrode * 

•■ .. ' ..*..' • • . , ■ . ' • ■ '"■ *.. 

10. 22 and the analyte and oiables the electrochemical analysis of molecules which are 

liot suited for direct ejectrochemical reaction on dn electrode. The mediator 

■ ■ ' *. • ' * ' . * ' ■' . • ' ■ 

functions as an electron transfer agent between the electrode and the analyte. . 

Almost any organic or organometallic redox species can be used as a 
redox mediator. In general, the preferred redox mediators are rapidly re^^ 
15 oxidizable molecules having redox potentials a.iew hundred millivolts above or. 

below that of the standard calomel electrckle (SCE)» and typically not more reducing 
than about -I QO mV and not more oxidizing than- about *^400mV versus SCE. • 
Examples of organic redox species are qumonl^ and i|ui^ 

in their oxidized state have quinoid structures, such as Nile blue and indophenpl. . 

20 Unfortunately, some quinones and partially oxidized quinhydrones react with 

■ ■ • •• •' . . ' ■ ' . ■ 

functional groups of proteins such as the thiol groups of cysteine, the amine groiips 

. ■ * , • * 

of lysine and arginine, and the phenolic, groups of tyrosine which may rend» those . 
redox species unsuitable for some of the sensors of the.present inventioi^ e.g., 

sensors that will be used to measure, analyte in biological fluids such as blood. < 

• ' ' . ■ ' • . ' ' 

25 In general, mediators suitable for use in the invention have structmres 

which prevent or substantially reduce the difiusiona] loss of redox specie^ during th^ 
p^od oftime that the sample is being analyzed. The prefened redox mediators * 
include a redox species bound to a polymer which can in turn be immobilized on the 
working electrode. Useful redox mediators and niethods for producing th^ are . 
30 desCTibed in^ U.S. Patent Nos. 5,264, 1 04; 5,356,786; 5,262,035; and 5320,725, 
herein incoiporated by reference. Although, any organic or organometallic redox 
species can be bound to a polymer and used as a redox mediator, the prefened redox 
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species is a transitioh inetal compomid m complex. The preferred liansition me^ 
compoonds or complesces ihclude osmium, nithmium, iron, and cotolt compounds 
or complexes. Tie nwstprefatred are osmium compouhds^ complies. 

One tjrpe of nbn-releasable polymeric redox mediator contains a . 
■> redox spe^'es coyalciitiy ix>und ai a polymeric comjxjsition. An exampje of this . 
type of mediators poly(vinylfeiT6cene). 

" * * ■ . ' ■ • * 

Alternatively, a suitable non-releasable redox mediator cohf^ an 
ionicaJly-bound redox species. Typically, these mediators include a diarged 
polymer coupled to an oppositely chargied redox sjKcies. Examples of this type o^ 
mediator iiichiile a hegaUvely charged polymer such as Nafion* (DuPont) cm^lM 
a positively charg^ redoixi5>edes such as an osmiu^^ 

cation. Anodier example ofanioracally-boumd mediator is a positively \ 
polymersudi as quatemized poly(4-vinyl pyridine) or poly(l. vinyl imidazole) " 
conplod to a negatively charged redox qjedes such 
'5 In anothaeiiiMiiiient of the invention, the suit^^ . 

redox mediaicirs include a redox spedes cbordinatively bound to die polymer: For 
examplci the mediator may be formed by coohJinatip^ 
bipjmdyl <»mplex to poly(l -^vinyJ imidazole) or poly(^^ 

The prefened redox mediators are osnuum transition metal 
complexes with wie or more ligands having a nitrogen-coiitaining heterocycle such 
as2^'-bipyridiiie, 1,10-phenanthrolineorderivativ Furthermore the 

preferred redox mediators also have one or more polymeric ligands having at least 
. one introgenKJontaining heterocycle, such as pyri^^ 
thereof. These preferred mediatcHs exirfiange electrons rapidly between each other 
25 Md the dectrbdte so that Aecoinplex can be rapidly OM^^^ 

In particular, it has been determined that osmium cations c^^ 
^Ih two ligands containing 2^'-bipyridine, 1,1 0-phenarithroline, or derivatives . 
thereof, the two ligiands not necessarily being the same, and fiirther complexed with 
a polymer having pyridine or imidazole functional groups form particularly- useful 

10 redox me$ators in the small volume sensors of the present invention. Preferred 

. ■ ■ - • ■ * 

derivatives of 2,2*-bipyridme for complexation with the osmium cation are 4,4*- 

dimelhyl-2;2*-bipyridine and mono-, di-. and polyalkoxy-2,2'-bipyridines, such ais 



20 



. 4,4'^iinethoxy-2;2^blpyridine, whe^ 

groups is suiScieiit to retain solubili^ of the transition metal complex in water; 

■• ■ • * .. • . ■ • • - - ■ * . " 

Preferred derivatives of 1 ,1 0-phenahthrolihe for complexatioii with the osniium 

.... . 

cation are 4,7Hlimethyl-1^10-phenanthro]ineand monor^di-r^ and polyaikoxy-1,10- 
5 phenantfarolini^^ sudi as 4,7-dunethoxy-l ,10-phenanthioline, where the carbon to 

oxygen ratio of the alkoxy groups is sufficient to retain soliibili^ 

-• . * ■ . ■ ' •.' * . . ■ ■ ■ 

- •*. • • •• 

metal complex in water. Preferred polymers for complexation with the osmium 

■ • • * ■ ■• * • ' . ' ■ . ■ ■ * '.,*■' 

cation iucJude poly(l-vinyl imidazole), eg., PVl, and pofy(4-viiiyI pyridme), eg., 

• • • ' . , 

PVP, either alone or with a copolym^.^ Most preferred arc redox mediators with 

1.0 osmii^compiexed. with poly(i -vinyl inuda^^ 

. . The preferred redox mediators have a redox potential between about - 
1 50 mV to alK)ul +400 mV versus the standard calomel electrode (SCE). Preferably^ 
the potential of the redox mediator is between about -1 00 mV and +1 00 mV and 
more preferably, the potential is betwem about -50 inV and +SO mV. The most * 

15 preferre4 redox mediatprs have osmium redox centers^d a ledbx potentidl more 
negative than +1 00 mV versus SCE, more preferably the redox potential is more 
negative than +50 mV versus iSGE, and most preferably is near -50 mV versus SCE. . 

. It is also preferred that the redox mediators of the inventive sensors 

* ■'*'••• 

be air-oxidizable. This means that the redox mediator is oxidized by air, preferably 
20 so that at least 90% of the mediator is in an oxidized state prior to inUoduption of 
sample into the sensor. Air-oxidizable redox mediaitors include osmiuih cations 

complexed with two mpno-, di-, or pplyalkoxy-2,2'-bipyridine or mpiio-, di-, or 

' . * '• ' ' ' • 

polyalkoxy-l ,1 0-phenanthroline ligands, the two ligands not necessarily being.the 

same, and iurther complexed with polymers haying pyricUne . 

. . • •• • ' " ■ . , , ■ • 

25 . fimctional groups. In particute, Os[4,^ 

complexed with pply(4-vinyl pyridine) or poly( 1 -vinyl imidazole) attains 
apjpirOximately 90% or more oxidation in air. 

In a preferred embodiment of the invention, the sensing layer 32 
includes a second electron transfer agent which is capable of transferririg electrons to 
30 or from the redox mediator and the analyte. One example of a suitable second. 

electron transfer agent is an enzyme which catalyzes a reaction of the analyte. For 
example, a glucose oxidase or glucose dehydrogenase, such as pyrroloquinoline 
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guinone glucose dehydrogenase CPQ(», is ^ 

lactateoxidasefillsthisrolewhenthea^^ Tliesc eq^es catalyse U»e 

eleclrolyi^sofanaiKUytebytnin^^ ^ 

elecMe via tte redox mecUator. Preferably,^ 
.iK>n.lrachable,aiKlino,eprefei^ 

unvoted leachii^ of the agent iirto the s^^^^ 
by cross lirid^g Ae secoxKl dectron^ 

providing 4 Sensing layer with jiorirleac^ 

To iHevent elecrtrocheinical xeadions fio^ 
the working electrode not coated by ttemediator. a dieleclHc 40 may be deposited • 
on the electrode over, imder/or surrounding the regi^^ 

iiiediator.asshovminFigure4, Suitable diel«aricinatiiials include wax«an^^^ 
condu^ng or^Q polyipeis such as pofyethy^e.^ K^^^ 
portionoftteiedoxrnediatoro^^ 

vnn not cobtact the sample, and, tharefot^ will nbf be apart tof the electrode'^! 
Syorking surface. 
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Counter Electrode .' 

Counter electrode 24 may be constructed in a inanner siimlar to 
working electrode 22. Counter electrode 24 may also be a counteiABferencte 
electrode. AltemaUvcly. a separate reference electrode may be pn>vided in contact 
with the sample chamber. Suitable materials for the cowiter/iefe.«M» or refers 
electrMe inchide Ag/AgCl printed on a non^nducting l«se ina^^^ 
chloride on a silver melal base. If the counter- electrode is not a reference electrode 
5 the ^ame rnaterials and methods may be used to make the counter electrode as are 
available for constructing the working electrode 22. howevw. no redox liicdiator is 
immobilized on the counter or counter/refei«nce electrode 24. A tab 25 may be 
provided on the electrode for convenient connection to the external electronics (not 
shown), such as a cbulometer or othor measuring device! 

^ In one embodiment of the invention,, working electrode 22 and 
counter electrode 24 are disposed opposite to and facing each other to form a facing 
electrode pair as depicted in Figures 1 and 3. In this preferred configuration, the 
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isample chamber 26 is typically disposed between the two electrodes. For this facing 
electrode coniiguratiofi, it is preferred that the el ectrodes are separated l;yy a distance 

♦ *" ■ 

of liE^ than about 0.2mm» preferably less than 0.1 inm, and most preferably less dian 

. • ■ , • 

O.OSnun; 

. ' • . . -• . * • . ■ " • ■ . . 

The electrodes need iiot be directly o]^^ 

* • • 

slightly offset Furthermore, the two electrodes need not be the sanie size. ' 

• . • * . •' • ' ' * . • . " . 

Preferably, the counter electrode 24 is at least as large as the wojiung siii&ce of the * 

working electrode 22* The counter electrode 22 can also be formed with tines in^ . 

comb shape. Other configuration of both the countor dettrode and working 

•• ' ' * 
electrode' are within the scope, of the inventioiL Howev^, the sqiaratton distance. 

between any portion of me working electrode arid some p 

electrode jneftrably does not exceed' the limits specified hereinabove. ■. 

■ • - - • 

Figures 1 lA, 1 IB, and 1 IC illustrate different erhbodiments of ipairs 
• •' ' •• * . . " " • 

of fadiig electrodes 22, 24, as describe above. A region21.of ovolap between the 

two dectrodes 22, 24.typicaUy conespmds to the measurement zone in which the - 

* • ' . . . 

sample will be intorogated Each of the electrodes 22, 24 is a conducting surface . 

and acts as a plate of a capacitor. The measurmient zone l^tween the electrodes 22, 

24 acts as a dielectric Jayer between the plates. Thus, there i$ a ctq^itance betwe^ 

the two electrodes 22, 24. Tliis capacitance is a fiinctibnoftiie size of the . . 

. . . • • . • ■ . . • • 

overlapping electrodes 22, 24, the separation between the electrodes 22, 24, axid ibe 

dielectric constant of the material between the electrodes 22,24. Thus, if the size of 

the region 21 of the pverlapjping electrodes 22, 24 and the dielectric constant of the 

material betwcferi the electrodes (e.g., air or a sorbent matmal) are known, then the 

separation.between the. electrodes can be calculated to determine the volume of the 

isureinent zone. 



Figure 1 1 A illustrates one embodimefit of the invention in which the 
electrodes 22, 24 are positioned in a facing arrangement. For the capacitance to be 
uniform among similarly constructed analyte sensors having this particular sensor 
configuration, the registration (i.e., the positioning of the two electrodes relative to 
one another)«should be uniform. If the position of either of the electrodes is shifted 
in the x-y plane firom the position shown in Figure 1 1 A, the size of the overlap, and 
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of the medsiireinent zone. 

figure 1 IB awl 1 1 C iUushatc other emlKi^ 
witbeIedrod«22.24inaiadnganang^^^ 

JH«itionofeiM.erofflK.clectiodes™aybe^^^ * 
. distance^ind^^yplanereiativetotheo 

capaatanccortheyolumepftheineasorementz^^^ Jn these etecHode 
anang^nenls, ead. electrode 22, 24 includes an am, 122, 124. respec^'vely Mind, 
overlaps ^th .be eom«po««„g 3^ TT« tWo anis U 124 

are^tparaBeltoeaehoa^^Xsud^asiDus^^^ 
122,124 are diqx««d at an »g|ej23, ^^^^^^^^ 

other. In addition, .hetwoanns 122. 124 extend bq.o„d .he region 21 of overlap " 
(i-e.. each a™ has e^ ^„^„^^^^^ 

the ann 222. 224. . natively, and Ae^dth ,21 of the overiap 21); Wth these 
15 . electrode a„angeme„^ there can be a certainanK.«nt of allow«i impiecisfon irt the 
«g«tiati.Siofthede«rodes22,.24Mduchdoesn^^ ... 
dectrodeartangement A desired anK,^^^^^^ 

can be designed into the dectro«te an^ganent by vaiying the angle 123 « 
the aims 122. 124 overiapand thcsize oflhe extm Imgth of each ann 122 12^^ 
20 re,ativetothewidthl21ofthe„^on21ofoveriap. Typically, the clos^ «.at the 
anns 122, 124 are to.being peq,endicular (i.e., angle 123 is 900. the^^^ 
allowed imprecisioni Also, the greater the extra length of each ann 122. 124 (which 
n«y both be the same length «r different lengA^^ 
region21 of6vdlap.thegh»«ertteaHawedimp^^^ 
:5 *eamonntofallovedinq,recision.thelar^^^ 

electiode width, thicknas. and angle 123 of intcsecUon with the other electrode) 
T1.US. the ininimnin distance that one eJeplrode can be 

balanced against the amount of material needed for the electrodes. Typically, the 

angle ^ 23 "finterscction ranges from 5 to 90 degrees, preferably. 30 to 90 de^nres 
) »dmoreprpferably60to90deg,ees.Typically.,he«,iooftbeextral»^^ 

arro 122, 124 (comssponding to the difference between the arm length 222, 224 and 
the width 121 of the region 21 of overlap) versus the width 121 of the region 21 of 
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16 ^ . ' 

" ■ . . * 

overlap ranges fiom OJ :1 to 50:1, preiferably 1:1 to 15:1, and more preferably 4:1 to 

- • • .- . • , . • . • 

' 10:1. ' ' 

In another embodiment of tbe invention, the two elcx^^ 
coplank asshoimin.Figure2. In this c^se^ the sainpte chamber 26 is 

; with both electrodes and is bounded on the side opposite the electrodes by a noh-. 

■ • • • - " • » ."..*■ ■" ' • * 

'•*• .' .* ■■ 

conducting inert base 30. Suitable i^at^als for the inert base iiKslude no»r 

. conducting materials such as poly^^. ■ v.: 

OAer configurations of the inventive sensors are al^ 

example, the two electrodes may be formed on surfaces that make an aiigle to each 

) -other. One such coniBguration would bave the elect^ 

'*...*"••'•• * • ■ - '• • * . • ' 

* right angle. Another possible configuration has the electrodes on a curved sur&ce 

such as the interior of a tube. The working and counter electrodes may be arranged 

• . « . . . • . • 

, .... , , . 

so that they face each other firom opposite sides of the tube. This is another example 

of a facing el^ode pair. Alternatively, the ele^ctrodes may be placed near each 

• •■*.• . . ' * 

5 other ' on the tube wall (e^g., one on top of the other, or side-by-side). 

• ■ " ■ • 

. In any configuratioii, the two electrodes 

• they do not make dir^t electrical contact with each other, to prevent shorting of the 

• ■•'*• •■.*•• . ' . 

electrochemical sensor. Tbis may be difficuh to avoid whjcn the facing electi^ 

having a short (less than aboiit lOO|m) distance between them. : 

[)• A si»ccr 28 can be used to keep the electrodes apart when the 

electrodes face each other as depicted in Figure^ 1 and 3. The ^cer is typically 

* • •• • • 

constructed Irom an inert non-conducting material such as polyester. Mylar™, 

• ... • . 

Kcvlar^ or any other strong, thin polymer film, or, alternatiyely,.a thin polymer 
film such as a Teflon™ fihn, cho^ for its chernical inertness. In additioii to 

5 preventing contact between the electrod^ the spacer 28 often functions as a portion 

' ■ *'.*•'* 

of the boundary for the sample chiambcr 26 as shown in Figi^ 

■ 

■' . ' ' * ■ 

Sample Chamber 

■ • - ' ■ • 

The sample chamber 26 is typically defmed by a combination of the 
0 electrode^ 22, 24, an inert base 30, and a spacer 28 as shown in Figures 1 -4. A 
measurement zone is contained within this sample chamber and is the regiqn of the 
sample chamber that contains only that portion of the sample that is interrogated 
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duripgtheanalyteaW: I- the embodilBent.of the invenUon il^ ■ 
.^d2.sa„.p,ed««beri6bthespac.W^ 

. .nertbase30. I„ihise.pbodin,e„Vth.^p,e^ 

5 p^feably .,^ than about 62 ^ ,„ the en^boduneat of the indention depicts i„ 

F,g»«,^d2.the*eas^ei«ent^^^ 
. volume of the sample chamber. :. . 

• ■ ' * . * • ' 

. ^ber26i™.,udes„,.ehmo«space.han^ 
10 ^»«>»fig-Uo.mak«itp«.^,etop^^^^^ ^ 

o«,ormore^,.ehambers.assho^m 
Chamber 26 is preferably sized .0 ^.nt^in a voj^ 

F«f-*'yi-than.bout04^U^„ostp«feraW^ ^ / 

metou«mentWfte;.tbe«gioncoi«^ ' :. 

15 '-t«-iated)isge.er^3.^«,eou^ 

^L. preferably less than about 0.5 pL. more preferably , ess tha^ about 0.2 and 
m^>^ly less than about 0. pL. Qn.J^arfy us^ c^g^tion of this 
embcKhm^^t positions wpricing electrode 22.and^ 
othtr, as shii^o, i« Figure 3. In this embodiment, the m«^^ 
!0 '^^n^l^'K'tagtoAeregioncon.ainingtheportior.of.hesm^^^ 

mtcnogated, is the portionof sample chamber 26 bounded by woddng surface of 
the^vorldngdect^eanddisix^^^.^^ 

surfece of the ..crfdng electrode is not enUr^ly cove^ 

"«---«»----*espa«be..v«n.het^^ 
- a«aco,^p««Kling to the. orfdng surface (i^ 

Wking electrode 22 and a thiclmess corresponding to^^ 

belweenworKng electrode 22 and counter electrode 24.. 

In both of the embodiments discussed above, the thickness of the 
sample chamber and of the measurement zone co.respond typically to the thickness 

ofspacer28 (eg . the distance between the electrodes in Figures 1 and 3 ortbe 
distapcebetweentheelec.rodesandtbei«.r,baseinFig„re2). Preferably this 
thackness is smalho promote rapid electrolysis of the analyte, as more of the sample 
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will be in contact with the electrode sui£|ce for a giyen sample yohime. In addition^ 
a tiiin sample diaixiber helps to icauce cnois fiom diffiision of analyte into the 
measurcmoit zone from other pprtibns of the sample, ctoinbeir dming the analyte 

. • . .... • . . . • ;*."•• • • . 

• , • • . • . - ■. • 

assay, because diiOfusion time is long relative to 

5 the thickness of the sample chamber is less than about 0:2.nmi. Prcf<»ably, the 

• • . . .. . - _ 

thickness of the sample chamber is less than about 0. 1 nun and^ more prcferablyy the * 

iickness of the sample chamber is about 0.05 mm or less. 

■ • ■■ • • 

■ • « ■ . ^ * . _ • 

Thesample chamber may be fonned by othea- methods. Exemplary 
methods iiKlude embossingjndenting, or^otherwsc foi^ 
10 wtMn which eitherthe working el^ctrpde.22o 

Figures 12A aiid 12B illustrate one embodiment of this structure. First, a conducting 
layer 1 00 is formed on an inert non-conducting base materia] 1 02.. As described ... 

. above, the coqducting layer 100;can include gold, cf^^ 

' ■ ' ' . ••**.'"■*•• • ■• 

dioxide, palladium, or other non-corroding materials. The, iqert non^i^nducting base 

15 material 102 can be made using a polyester, other polymers; or ot^^ , , . 

conducting, deformable materials. A recess 104 is thcii formed in a re^pn of the 
non-conducUng base material 102 so thalajt least a portidn of Ae. conducting layef 
100 is included in the recess 104. Therecess 104 may be formed using a variety 
techmques including indenting, deforming, or otherwise pushing in the base material 

20 102- One additional exemplary, method for forming the recess includes 

the base materia 102. For example, the base material 102 may be brought into 
contact with an embossing roll or stamp having raised portions, such as punch 
members or channels, to form the recess 1 04. In some embodiments, the base 
material 102 may be heated to soften the material.. 

25 The recess 1 04 rnay be circular, oyal, rectangular, or any other regular 

or irregular shape. Alternatively, therecess 104 may be formed as a channel which 
extends along a portion of the base material 1 02. The cdnductiiig lay er 1 00 may 
extend along the entire channel or only a portion of the channel. The measurement 
zone may be restricted to a particular region within the channel by, for example, 

30 depositing 4he sensing layer 32 on only that poition of the conducting layer 1 00 
within the particular region of the channel. Alternatively, the measurenient zone 
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nu.y W<tef«ed by placing a second electrode 10^ over ody the desicd „^on of the 
first electrode 105. . ' . . • 

• . * . • ^ 

At W a portio!^ aid in s«me dase^ alt of the conductor 
«-««*«<"«teiece»I04,TO^^ 

fiistelectrodel05(a:counter,lecuodeor.p«fen.b^^^ . 
c^iKlucting layer 100 fonn. the woridngel^^ : 
ibnn^ over a portion of the conducting layer 100 by. depositing the non-leachable ' 
mediator and .^onal second election transfer ag«.t in the .ecess i 04. as shoW in 
Figure 12B. A second electrode 107 is tlK» f^ 

ponducting.iqrttonasecoiulbase^^^ 106L This second electrode I07isthci,' 
positioned Qv« the fct electrode lOiS b a facing arrangement Although not 
illus.rated.;itwin beunden^ood that if the fin* electrode 105 ^ to functi™. as a 
counterelectrode,th«thesendhslayer32v»o«W 
dectrode 107 which Would then fiHKiion as the wor^^^ 

b one embodfanmV the second base material .1 0« r^^ 
pfthefitstbase«ateriall02and/or.u^ . 

so that the second electrode 1 07 extemis into the recess. In another «nbodin«:n.. 

there.saspacer(notsho;wn)betweenthefi«tandsec^^ ,0^ 

In this embodiment the second electrode 107 m^ Or day mit extend into the rec^s. ^ 

In any case, the to and second el ectrodes 1 05, 1 07 do not n«ke contact, o^^ 
the two electrodes would be shorted. 

Tlie dq,Ui of the recess 104 and the volume of the conductive lay^^ 
100, sensing layc*.32. and the portion, if a^y, of^A^^ . 

recess 1 W detemun^ the volume of the m«i^ 

of the vohmie of the measnieroent zone relies on the extent to which the fo^^^ 
of the recess 1 04 is uiifomi. 

In addition to the conducting layer 1 00, a sorbent layer 1 03, described 

in ddail below. nu.y be deposited on .he base material 102 prior to f^^^^^ 

recess 104, as shown in Figme 14A. The sorbent niaterial 103 may be ind^^^ 
embossed, pr other^vise defomied with the conducting layer 100 and base material 

102.asshownmFigurel4B. Alternatively,thesorbentmaterial 103 maybe 
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deposited after the conducing laya: 100 and 
embossedj or otherwse dejformfed to make t^^ 

Id another exemplary method for forming the analyte sensor* A • 
* ■ ' •*••.*.•■• 

recess 1 14 in formed in a first base material 1 12, as shown in Figures 13A and 13B, 

5 The recess may be formed by indenting, embossing, etching (e.g., 

photolithographic methods or laser removal of a portion .of the base material), or . 
otherwise deforming or removing a portion of the base.mat^al 1 12. Then a first : 
conducting layer 1 10. is formed in the recess 1 14. Ally of ^ 
. discussed above may be-useA A prdcrrcd . material is a cb^^ 

10 conductiyc.caffbon ink available, fwc^^ 

The Conductive ink typically irontairis metal or cj^ 

solvent or dispeisant When the solvent or dispersant is removed, the metal or 
. carbon forms a conductive layer 1 1 0 that 

- * " . 

second electrodeil? can.be formed on a secondbase material 11 jS and portioned . 

15 oyer the r^iccss 1 14, as described above.. In some embodimoitis, a sensing layer 32 is 

formed on the first electrode 1 15 to forin a working electrode, as show^ in Figure 

1 3B: In other embodiments, the sensing layer 32 may be formed on Ae secorid 
• , , • • • • . . ■ 

electrode 1 17 to form a working electrode. Furthermore, a sorhent material (not 

d)Own) may be fonned within the recess, for example, on the first electrode 115,: 

20 . A binder, such as a polyurethane.resin, cellulose, derivative, elastomer 

(e.g., silicones, polymeric dienes, or acrylonitrile-butadicne-styrene (ABS) resins), 

highly fluorinated polymers, or the like, may also be included in the conductive ink. 

* '* '•.• 

Qiring the binder may nicrcase the conductiyj 

however, curing is not necessary. The method of curing the binder may dep^d on 
25 the nature of the particular binder that is used. Some binders are cured by heat 

■ * ' - • - ■ 

and/or ultraviolet light. 

These structures allow for the formation of electrochemical sensors in 
which the volume of the measurement zone depends^ at least in part, on the accuracy 

* ' . - • • * 

and reproducibility of the recess 104. Embossing, laser etching, photolithographic 
30 etching and^other methods can be used to make reproducible recess 

the scale of 200 ^m or less. 
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Sorbcnt Material ^ . 

* • . • • • 

The sample chamte may be empty before .!^ 
chamber. AJtemativcly, the. sample chamber may inplude a soibert materi?! 34 to • 
sorb and hold a fluid saniple di^^ SiptaWe soAent • 

mat«^als Include polyester, nylon, ceUulos^ and cd^ 
nitrocellulose. Xh« sor^it material fadUtales the i^ftofa^^ 
by a wicking action v*ich may con^Iement dr,pief«*^ any capiuaiy 

action of the sample chamber. . 

• - • ■ • • 

to !»me embodiments, the soibcnt material fe^ 
or slony in which the sorixsnt material is dissolved or dispciscA The solvent or 
diqx5isantmlheIi«jmdOTSlaiiymaythe^ ■ 

procttses. Suitable sorbdit materials inchide, for cx^ • 
powdeis dissolved or dispel in a suitaWe ^lyimt dispeisant. such as watai 

The parUcularsoW6rdi^)eisaiit should also be coihpatiblc vyith the material of 
15 the.woiking electrode 22 (^^^^^^ 
electrode.) . 

. . Chie of the most imjKwtait lunctio 
reduce the Volume of Ihiid needed to laithe sanvic Cham 
measurement zone of the sensor. The actual volume of sample vnthinthe 
measurement zone is partially detemiined by the amount of void space iivithiii tfie 
sorbent matCTial. TypicaUy. suitable sorbents consist of about 5% lb about 50% void 
space. Preferably, the sorbent material consists of about 10% to about 25% void 
space. 

Tlie displacemeht of fhiid Iqf the soriwnt material is advanlagw^ 
5 By addition of a soibent, less sample is needed to fill sample chamber 26. This 
reduces the volume of sample that is required to obtain a measurement and also 
reduces the time required to electrolyze the sample. 

The soibent material 34 may include a tab 33 which is m^e of the 
same material as the sorbent and which extends from the sensor, pr frob an opening • 
in the sensor, so that a sample may be brought into contact with tab33, sorbed by 
the tab, and conveyed into the sample chamber 26 by the wicking acUon of the 
sorbent material 34. This provides a jarefeired method for directing the sample into 



to 
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* • 22 

* . • . • * ■ ■ • 

the sample chamber 26. For exaipple, the sensor msiy be brought into, contoct with a 

■ * • * • • 

region of an aniiiial (including human) that has been pierced ^th a lancet to draw * 
blood.. The blood is brought in contact with tab 33 and drawn into sample chamber 
-26by the wicldhgaction 6f thesorbent. 34. lliedirect transferof the.sainple to the 
5 sensor is eispecially important when the samiple is very small, sucji as when the 

. lancet is used to pierce a portion of the animal that is not heavily supplied with near- 

'. . . . . • • . . . 

• . . . • • . . • , . • ■ . ■ . 

surface capillary vessel:^ and funiishesa.blood sample volume of less than 1 pL. . 

Method^ otbor than the wicldng action of a sorbent inay be used to 
transport the sample into the saniple chamber or measiirem^^ Examples of 

10 such means for trai^pbrt include the sqiplication of pressvae on a sample to pus]i it 

. . . • ■ • ■ 

' into the* sample chamber, die creation.of a vacuum by a pump or pther vacuum- 

. produdiig means iii the sample chamber to pull the saniple into the chamber^ 

capillary action due to interfacial tension of the sarhple. with the Iwalls of a fhin 

. ' ■■■ • . • 

sample chamber, as well as the mckiiig actioii of a sorbemt matenaL . 
IS The sensor can also be us^ 

stream. Id this configoratibn, the sample stream is made to flow tlm>ugh a sample . - 

■ • * • 

• • • . • . • • • t 

chamber.. The flow is stopped periodically and the concentration of the analyte is ' 

determined by electrochemical method, sudi as coulometiy. After the measurement, 

the flow is resumed, thereby removing the sample from the sensor. Alternatively, 

20 sample may flow through the chamber at a very slow rate, such that all of the analyte 

is elecublyzed in tnmsit,.yie]ding a cunent^d^ 

a • 

cbncienUation and flow rate. 

. ■ ■ • ' • • • 

Other filler materials may be used to fill the nieasurement zone and 

•■■*'•. 

. reduc^ the sainple volume ]Por example, glass bead$ caii be de^^ 
25 measurement zone to occupy space. Preferably, these filler materials are hydrpiphilic 
sothat the body fluid can easily flow into the ineasureihent zone. In some cases, . 
such as glass beads with a high surface area, these filler materials iiiay also vnck the 
; body fluid into the measurement zorie due to their high surface area and 
hydrophilicity. 

30 « The entire sensor assembly is held firmly together to ensure that the 

sample remains in coiitact with the electrodes and that the.sample chamber and 
measurement zonemaintain the same volume. This is ari important consideration in 
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thecoulometoicanatysisofasample.what5me^ .. 
vohin« is needed One metM of ^^^^ 

landZ T^pIate3?.m:pn,vidcd,«opposhecndsof(he5^^ 
t3Ticallycoastnictedpfi»„^»ndi^ TTie-plales al, . 

d«rfgnedsototU«ycanbe>Id,ogeAerwiththcsens^^ .. . 

Suilable hoMng devices include adhesives, dainps; nuts ahdbolts. scn^yj, p„d tfe 
Jike. 
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and Anal)ie Measuremelit Device . 

lii a iHefeired embod5n«a»t of the inv^ 
device -52 constmcted according the pri«^les of tie piesebt Wemion indudb a 
sensor 20. as described he^inabdv^ combined vith a sample *:q„isiti6n i«ians 50 
to provide an integrated sampling and m^^ent.deVice^ TT« sample acquisition 
means 50iUnst»ted in Figure 6. inchides. for exan^K askinpi^^ : 
such as a lancet, attached to a resibent deflectable stri^ 

such as a spring) which may be pusAed to mject the lancet into a patient's sbn to 
cause blood flow.' ' 

TTie resUient strip 56 is then released and tie skin piercing member 
54 icliacts. Blood flowing fiom the area of skin pierced by member.54 can then b«j 
iranqjorted, for example, by the wicking^tion of sorijent material 34. into sensor 
20 for analysis of the analyte; The analyte measurement device 52 may then be 
placed in a reader. „ot shown, ^ch comieds a coulometer or other elecUochemicai 
analysis equipment tathe dectiode tabs23. 25 to detemiine the cbncentiaUoi, of the 
.analyte by electioanal^cal means. - 



25 



Operation Of tbe Sensor 

An electroclM?nical sensor of the invention is operated in the 
following manner. A potential is appKed across the working and counter electrodes. 

Thcmagnitudeoftherequiredpotentialisdependentontheredoxmediator. The 
potential at an electrode where the analyte is electrolyzed is typically large enough to 
drive the electrochemical reaction to or near complcUon, but the magnitude of the 
potential is. preferably, not large enough to induce significant electrochemical 
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reaction of inteirferents, such as urate, ascoibate, and acetaminophen, that may affect 
the cunent measurements. Typically the potential is behyeea dbout SO mV and • 



1 


• 


[ 







potential of the redox n^iator is t)etwe» aibput -lOOihV and f 100 mV and, more, 
preferably, the potential is between about -50 

The potential may be applied either before or aAer the sample has 
been pbced in the sample chamber. The potential is preferably applied after the 
sample has come to rest in the sample chamber to prevent electrolysis of sample 
passing through the measurement zone as the sample chamber is filling. When the 

* - • * ' • — . ' 

potential is applied and the sample is in the ineasuremeiit zone^ an electrical ciuient 

' ' • • *. " • ' ■ * • . ' • ' 

will flow between the. working electrode and the counter electrode. The cunent is a 
result of the electrolysis of the analyte in the samjrfe. This electrochemical reaction 
occurs via the redox m^atoi and the'.optioDal second electron transfer agent- For 
piany. biomolecules, B, the process is described by the following ireaction equatiras; 



iiA(ox) + B ) nA(nd) + C 



nA(red) — -»nA(6x).+ ne' 



(1). 



(2) 



BiOdionical B is. oxidized to C by redox mediator species A in the presence of an 

appropriate .enzyme. Then the redox mediator A is oxidized at the electrode. 

. • •* ' • 

Electrons are; collected by the electrode and the resulting current is measured. 












reaction of a glucose molteule vujth two iion^leachable ferricyanide anions in thcf 
presence of ghicosfe oxidase to produce two.non-leachable.fenocyanide 2miohs,:tv^ . 
protons and glucpnolactpne. * The amdunt of glucose present is assayed by 
electroQxidizing the non-leachable ferrbcyanide anions to non-leachable ferricyanide 

anions and measuring the total charge passed. 

• . . ■ . ■ ■ , , , 

Those skilled in the art virill recognize that^there are many diiierent 

* ■ • 

reaction mechanisms that will achieve the same result; namely the electroly^s qf an 
analyte through a reaction pathway incorporating a redox mediator. Equations (1) 
and (2) are a non-Iimitihg example of such a reaction. 
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liiaprdbredembodiinentofthafe^^ 
dctcnnmethe concei^tratipn ome analyte., 

carrot ineasu«„.eolso1,tained at ^m^^^^^ 

5 olrtain.the^p,i„tofchaxge.Q,passed1oorfo^ Qisthenu^ed^ 
.odcidatethex^Bce^tniUon 

. • ... 

[aiiaIyfeJ = QAiFy . . w 

.(3) ■ • . 

10 volume of sampJc in the meaiaireinb 

analyte is clectroJyzed: 

^ desirable that the analyte be dectrolyzed 

quickly, 3,.e^ of the electrochen^ ^^^^ 

..-eluding the potentid that is aj^lied^^^ 
/«cdom(l)^ (2). (ot^ 

zaneandthejHese„ceofsorbentinthe»eas«rementzo„^^^ In gen«BUhe la^er 
. thepotential,tbelargerthecu„entth.p„ghthe«^^ 

nu«.n.™„)a«ltherefp«,thefasterthe,cactionvill^ . 

pc^entiar is too large. oU^ elec.rochen.ical 
enprmUiemeasurement. Typically, the potential bet^n the electrodes as ^11 as 
U^specificr^doxn^iatorandoptionalsecc^delectronu^^^ ' 
that the analyte ^vill be almost con^pletely electrolysed in less .ban 5 ™„utes based 
on the expected concentration of.be analy.e in the sample. Prefei^bly. .he a„'alyte 
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\vill be almost completely elednilyzed ivithin about 2 minutes and, more preferably, 

" • . . * ■ . ' • • . . . • • • ' • 

.witlnn abbutl minute. 
■ • ■ • • . ■ • . • • . - - \ . 

In another embodimoit of the invention, the anatyte is only partially 

■ ■• ' • ' ' • • • . . • ■ , ' . 

. electrolyzfed. The ciiiiraQi is measured during the partial r^KCtibn and then..: 

■ • ... . • .. . , . . . • ' 

S exl3rapoIated using mathematical techniques knoyin to f^ 

* • * • . 

determine the current curve for the complete or nearly complete electrolysis of the . * 

. . . . *. • • • ■ ■ • 

• • • 

. . anaiyte. Integration of this curve yields the amount of charge that >vould be passed 

. ■ ' * ' . ' ' • • * ' . . * 

■ if the anaiyte were completely or nearly completely electrolyzed and, using equation 

• . , • • • 

(3), the condeatraifion of the anaiyte is cdcidated. 

IQ the above described methods ffl^ 

to the adyantages.of coulometriQ meaisiirem?©^ 
. • . ' ■ '■ ' . . . ' • . ' 

Howver, those syiljed in the art wiU recpgn^e that a se^ 

* • . * • • • • ' • . ■ • . ' . 
. . also utilize potentiometric, amperpmeliic, voitammetric, and other electrochemical 

techniques to determine the concentration of an anaiyte in a sample. There ar^ 

15 iiowevcr, di^dvantages.to using some of these tcchmqu^^ The measurementis ■ 

*... ■ ■,• •,■ • 

obtained by these xK>n^uIometriG piethods are not temperature independent as the ; 
cuitent and potellti^I obtained by the electrolysis of ah anaiyte on an electrode is ; 

very sensitive tp sample temperature. This presents a problem for the calibration of 

.'***•' ' ■ * • 

aisensor which will be used to measure bioahalytes and other samples at unknown or 

• . . . . •. . ■ 

20 variable temperatures. 

Jn addition, the measurements obtained by these non-coulometric 
electrochemical techniques are sensitive to the amount of en^me provided in the 
sensor. If the enzyme deactivates or decays over time, the resuhing measurements 
will be affected. This will limit the shelf life of such sensors unliess Ae en2yme is 

25 very stable. . 

^ Finally, the measurements; obtained by non-coulomctric 

* * 1 • • • 

electrochemical techniques such as amperoirietry will be negatively affected if a 

• ■ < • 

substantial portion of the anaiyte is electrolyzed during the measurement period. An 

• * * ■ * • 

accurate steady-state measurement can not be obtained unless there is sufBcient 
30 anaiyte so that only a relatively small portion of the anaiyte is electrolyzed during 
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the measurc^ment process. 
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The ekctiodieimcal tedmiqw ^ . 
problems. Coutemeby is a mcihod for ddenmning the amount of chaige passed.or 
projected to pass during complete or qeariy cbmplete eiectrplyjas of the ilalyt£^. . . 
■ Qoe cqulomfctric technique involves eIectro|yzing the analyie on a working etectrode 
. awl measuring the resulting cunent between the worki^ 

electrode at tivo or more lim« during the electrolysis. Tlie electrofysb is coihplete 
1^ the curtentj^eaches a steady staie. Th^^ 



-v- v«v«.i«, „jr jDiegraung uie measured cunents over time. Because the charge 
is direcUy related to the amount of analyte m die sample thae is.oo temperature. 
10 d^ndotee of the measurement In addition, tl^ activity of tf« redox mediatw^ 
not affect the valueof the measunan^nt 

measurenierit (i.e:, less active redox mediator r«,uires alongertiine td adriive • 
complete eledrplysis of the sample) so thatdec^ of the n«diator over time wiU ,i>t . 
rende^.the analyte concentration det^faninaiion inaccuiafe And finally, the depletion 
1? analyte in the sample by electiol^^ 

objftctivp ofthe tedmique. (Howev^, the analy^^ 

dectiolyzed if the electrofyas curve is extepolated fiom the partiaJ electrolysis 
curve basedonwdl-ldaownelectrochemcalpii^ ' 

For coulomeliy to be an effective measurement technique fw. 
to <««t«tti'iing the concenta 

deterinine the volume of the measured sample. Unfortunatdy, the vohune of the 
sampfeinthemeasiinmentzoDeofasmallvolunre . 
microWer) may l« difficuh to accurately ddern^^ 

tolerance of ohfc or more dimensions of the measurement zone may have sighificant 



AirH>xidizdble Redox Mediators 

Another.source of error in a couloroetiic sensor is the presence of 
electroichemical reactions othw than those associated with the analyte. In a sensor 
having a redox mediator, a potential source of measwement error is the presence of 
redox mediator in an unknown mixed oxidation state (i.e., mediator not reproducibly 
in a known oxidation state). Redox mediator will iben be eleclrolyzed at the 
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electrode, not in response to the prince ofm analyte, but pimply due to its initial 
oxidation state. Refeiting to equatioxis (1) and (2\ current not attributable to the 
. oxidation of biocheinical B :will flow due to oxi 

mediator. A, that is ip its reduced form prior to the addition of the sample. Thus, if * 

• ''.**. ■• ■ ... ** 

S is important to know the oxidation state of the analyte prior to introduction of thb * 
sampl&into the sensor: Furthermore, it is.desirable that all or nearly all of th& redox 

inediator be in a single oxidation state prior to the introductidn of the sample, into the 

• *- • " '•■ 

*.• . . • 

s^isor.' 

Each redox mediator has a reducied fonn or state and an oxidized 
io fonh or state. In ope aspect of the invoition, H is preferred that the amount of redox 
mediator in the reduced fprm jHiqr to .the mttoducti 
smaller thaa the expected amount of analyte in a samplein order, to avoid a 
signiiicant background cbntribution to the measured current In this ei]nbodiment of 

■ *■ * , ' 

the invention, the molar amount of redox m^ator in the reduced form prior to the. 
1 5 iiitroductipn of the analyte is preferably less than, on.a stoichiometric, ba^ al^ut 
1 0%, and more preferably less; than about 5%^ and most preferably less than 1%^ of 

the molar amount of analyte for expected ai^ (The molar 

. • ■ . •« • • . *'■.*••.'■ .* ■ ' 

amounts of analyte aiid redox mediator should be Compaq 

istoichiometry of the applicable redox reaction so that if two nioles of redox 

.• ■ ■ ' , ■ 

20 mediator are needed to electrolyze one mole of analyte, theii the molar amount of 

■ « 

redox mediator in the reduced form .prior to intrdduction of the analyte is preferably 

■ • • ■ 

less than 20% ainl more preferably less than about 10% and most preferably less 
than about 2% of ihc molar amount of analyte for expected analyte concentrations.) 
Methods for controUiiig the amount of reduced mediator are discussed below. 
25 In another aspect of the invention, it is preferred that the relative ratio 

of oxidized redox mediator to reduced redox mediator prior to introduction of the 
ssunple in the sensor be relatively constant between similarly constructed sensors. . 
The degree of variation in this ratio between similarly constructed sensors will 
negatively affect the use of a calibration curve to account for the reduced mediator, 

4 

30 as significapt variations between sensors will make the calibration less reliable: For 
this aspect of the invention, the percentage of the redox mediator in the reduced form 
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prior to intrtKluctSon of Uic sample in the sensor Varies by less than about 20% abd. • 
prefeigbly less than aboirt 10% betv^ 

One method of controlling the anaounf of reduced redox mediator 
prior to the introduction of the s!&^^^ 

5 .°»^tt«i«Jucedfohnofttem^^ . 

0^. O^gen is usualfyreaffly available to peifoim this dxidizi^^ Oxygen 
can be supplied by exposing the 'seniiir 
absorb O, fr<«n thfeair iifaless qxHiialprw^^^^ 

of an Jdr.oxidi2ableiri.c., O, oxidizable) mediatdr is in thb ondizcd state up 
.storageorexiK««Betpairfi*att«fWp^^ . 
I«efcn*br. oifc wee* or less, and; more prcferab^ 

. ^'**'«?"e*atoBwhi«A are both airloxidizablea^^^ 

: and have deetrttn transfer capbH^^^^ 

particular family of us^ ipe^Kators are 6^ 
15 or bemud to ligands twth one ormoie '^L 



10 



0 



w — — o v^^M wo. All 

paiticuhr, o:^um coiiiplexed with mono-, di-, and Jiolyalkoxy-2^'-bipyxidine or 
mono-.di., and polyalkoxy-l,10-phenanthroline, where the alkoxy gipups have a 
carbon to oxygen ratio suiTicieiit to retain solnbilily in watcr, ^ air-oxidizable! 
These osmium complexes typically have two substituted bipyridine or substituted 
pbenanthrpline ligands, the two ligands not necesarily being identical. These 
osmium complexes aie further complexed with a polymaic ligand with one or more 
mtrogcnn^ntaiiungheterocycles, such as pyndme and iintdazole. Prefened 
polymeric h-gands include poly(4.viByl pyridine) andj more preferably. poly(l-^„yl 
imidazole) orcopolymeis.theieof bs[4,4?^Hmelh6xy:2^'-bipyridineJjCi*^» 
complexed with a potyd-myl imidazole) <* poly(4-vinyI pyridine) has been shown 
to be particularly useful as the Os*' catioii is oxidizable by O, to Os*'. Similar 
results are expected for complexes of Os[4,7-dimetlkwy-l,l6-phcnanthnjliTO^^ 
and other mono-, di-, andpolyalkoxy bipyridims and phcnanthrolines, with the same 
polymers. 

^ A complication associated with air-okidizable. mediators arises if the 
air oxidation of the redox mediator is so fast that a siibstiintia] portion of the analyte- 
reduced redox biediator is oxidized by O, during an analyte assay. This will result in 
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ah inacoirate assay as' tUe .amouirt of analyte will be vmd^ 

. mediator vnll be o^ddized by the oxidizer^ra 

■ 

. electrode. . Thus, it is [nreferred thatthe reacticm of the redox mediator with O2 ^ 

proceeds more, slowly than the electrpoxidatipn of the metfiator. Typically,, less thaut v 

S 5%, and. preferably less than 1 %» of the reduced mediator should be oxidized by the 
oxidizer during an assay^ 

• . . ■ • . • . • 

The reaction rate of the air oxidatioii of the mediator caq b^ 

' ■ ■ , ** * ^ 

controlled through choice of an appropriate coniplexing polymer. For example, th^ . 

• • ; . • . •■ • 

oxidation reactioii is mu<± fastiET for C)s[4,4*-^ime)hox^^ . . 

10- c^rdinatively coupled to poly(l-vinyl imida^ 

coupled to pj»ly(4-vinyl pyridine). The choice of an appoppate polymer will 
depend on the exp^ted analyte concentration and the potential applied betwe^ the 
' electrodes,, both of which d^etmine the rate of the electrochemical reacdon. . 

* 4 

. Thus, in one embodiment oftheirkventjon, the prdf^^ 
I S mediator has the following characteristics: I) the inediator does notreiM^t-with aliy. 
molecules in the sample or in the sensor ^thjer than the analyte (optioruill}r> via a 

second electron transfa agent); 2) nearly all of the redox mediator i$ o^dized by an 

■' * • ■ ' • • ' 

• ■ ■ 

. oxidizer sudi as Ojprior to iritroduction of the sample inthe sensor; and 3) the 

oxidation of the redox mediator by the oxidizer is slow compared to the 

• "■ • • ' . • * . ■ 

20 electrooxidationofthe mediator by the electrode. 

Alternatively, if the redox mediator is to be oxidi^ in the presence 

■ • ' ■■ ' * 

of the analyte and electroreduced at the ^lectrode,^ a reducer rather than an oxidizer 
would be required. The same consideiBtions for the appropriate choice of reducer . 
and.mediator apply as described hereinabove for the oxidizer. • 

25 The use ofstableairH[>xidizablp.redo^ mediators in the 

electrochemical sensors of the invention provides an additionai advantage during 
storage and packaging^ Sensors of the invention which include air oxidizable redox 
mediators can be packaged in an atmosphere containing molecular oxygen and 
stored for long periods of time, e.g., greater than one month, while maintaining more 

30 than 80% and preferably more than 90% of the redox species in the oxidized state. 
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Optical Sensors . . 

. The air-oxidizabic i^x s!p^i« of the present jnveotion can be used 
inotfaerts^ofsehsprs; TlK<)simiBncQinplexes described heie^^ 
for use in optical sensQB, due fothe-^^^ 

fluoie«nce charactm bf the ctmiplexed Os*^ and Os*' spedesv Absoiption. 
tnam»!5sion, .reflccUoii, or fluorescence meas^^ 
comdatewfthiheanK>uiitrf^ 

andthen!d(H5'qibics.eiftaf . 
an aszymty In thUconfiguratioii, the molar amountof redox mediator should be 
greater, on a Sloichiomeinc basis, tHah the molar amount of anafyte reasonably. 
e9q)ected lb fill the meaisu^mi^t zone 

• • ■ ■ 

Standard optical saisois, mcludin^ Ught-guiding optical fi^^ 
and measurdnent tiMhniqpies can 

mediators For cxinple, the opti(al^sensors of the invention may include a iighl- 
IraiJsmittirtg or light tefleicting Support on which the afr-oxidizableredox spa^- 
bndprefera^yana^a|yte,Tcsponsivcen2^ HiesuoDort 

MM. * 

fihn forms one bouikJaiy for the measuremtfflt zone in wMdj 
The other bbimdaiies of the measurement zone are detenniasd by the configuration 
of the ceU. Uponfilling themeiisarement zone with an analyte-contaming sample, 
reduction of the air-oxidizable mediator by the analyte, preferably via reaction with, 
the analyte-responsive enzyme, causes a shift m the mediator's oxid^^ 
detected by a change in the light tnmsmission, absorption, or reflection spccta or in 
the fluorescoice of the mediator at one or more wavelengths of light 

■ . ' ' • . ... 

15 Multiple Electrode ScMore and Caiibrt^^ 

' • • , . ' . 

Muhiplc elecliode sensors may be teed fora vari 

• ■ ' . • ■ • . * . 

example multiple dectrbde sensors may bp used to test a varirty of analytes using a 
single sample. One embodinKnt of a nmltiple electrode serasbr has one or riiore 
sample chambers which in turn may contain one or more working efcctrbdes 22 with 
D each working electrode 22 defining a different measurement zone. One or more of 

appropriate chemical reagents, for ncample, an 
appropriate enzyme, to test a first analyte and one or more of the remaining working 
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electrodes have appropriate chemical reageats to test a second analyte. For example^ 

..***• ' * • • • ' 

a multiple electrode s^isor might inchide 1) one or more working electrodes having 
glucose oxidase in the sensing layer to determine gliicose concentration and 2) one 

. or niore woxkihg electrodes having lactate oxidase in the sensing layer to detCTtnine 

. * • . • • . . • ' . ■ • • • ■• • - 

'••■*, . . . " • ' 

S laciate cdncentiation. Other combinations are also possible. . 

• ■ ' ■ • . •• • 

.. Multiple electrode sensors may also be used to improve the precision - 

* ■ ■ ♦ ■ . * • 

.• • ■ . • • • 

of the resulting readings. Ilie measwements fix>m each of the woikih 

(aU or i^ch are detecting the same analyte) can be. averaged together to obtain a . 

more precise reading. In some cases, measurements may be rejected if the 

» * . ■ ■ • 

10 - difference bdwem the value and the ay^ge exceeds a t 

. * '■ ' . ■ - " * ' ■ ' 

threshold limit may be, for example, determined based on a statistical parameter, 

. • • •• ' ' ■ "■ . ■ ■ • " 

'* • •• ■ • 

such as the standard deviation of fhei averaged mef^^ The ay^ge may then 

be recalculated while omitting the rejected, val^ Furthermore^ siibsequdit 

. ; readinigs from an dectrode that produced it rejected value may be ignored in later 

' ' ■ ' . ' ■ ' ' "".* . ■* 
15 . tests if it is assuined that the particidar electrode AJternatively, a pimticiilat 

• • • . • - . ■ 

• ' electrode may be rejected only after having a predetermined, number of rea^dings 

r^ected based on the readings fiom the other electrodes.- 

'•..•■** . • 

In addition to using multiple electrode sensors to increase precision, . 

multiple measurements may be made at each blectrode and avexaged together to 
- '.• " ' •.**■* 

20 increase precision^ . This technique may also be used with a single electrode sensor to. 

. increase precisioa 

.£m>rs in assays rnay bcxav when mass produced sensor are used 

because of variations in the volume of the measurement zone of the sensors. Two of 

the three dimensions of the measurement zone^ the length and the width, are usually 

25 relatively large, between about 1-5 mml Electrodes ofsuchjdimensiolis can be 

readily produced with a variance of2% or less. The submicroliter measurement 

zone volume requires, howeiver, that.the third dimension be smaller than the lenigth 

or width by one or two order of magnitude. As mentioned hereinabove, the 

thickness of the sample chamber is typically between about .0.1. and about 0. 01 mm.. 

• • • . - - . 

30 Manufacturing variances in the thickness may be as large or larger than the desired 

• • 

thickness. Therefore, it is desirable that a method be provided to accommodate for 
this uncertainty in the voluipe of sample within the measurement zone. 
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In OK embodiiochf of the in^rtio,, dqrf^ 
worWngeleclrodes42,44,46a«proy^ Besc electrodes 



shown. 



dis] 



10 



ito 
pdins and 



IS 



20 



25 



30 



a upon it <6 pnmde multiple %ing dectipde ^ 

the dectrode pain; on asiyen spni«,Hs 5ignlfi^^^ 
electrode.andcoanterele«^,odesa« 

q»cer 28 berween each dcttrode pair (see 

One exiimple .of a multiple ele<^e sensor that 
aceunildy deteMne the volume of tte 

ako uscAl in ««Iocing iioi« is presented h«^^^ 

working electrodes 42 is prepared >vith a non-leachaWe redox mediator and a notw 
leachable second elednmln«nsf«agei.tj^^^^^^ Sorbenirturterial nuqr be 

diqx>sed between thatv«,kmg aecti«^^ 

Another wooing eibelrode 44 includes non-leachable redox mediator, but no i^nd 
electron transfer agent on the electiode. Again, this second el«*ode pair may b,ve 
sorbentmateria]betweentheW6ridngdectiode44a«^ 

electrode/ AntvtionaltWnIwrtdi,gdectiode46hasno^^^ . 
second dectr<» uansfer agent bound to tfc dectrtde, .n^^^^ 

between the woridng dectrode 46 and its coneqnmding count<^ elected 

The thiddiess of the sample charobw can be determined by 
measuring the capadtance. preferably in the absence of any fluid, between dectrode 

46(oranyoftheotherdectrbdes4^44iritheahsenceofsori^^ . 
conespondingcoumer dectiode. Ited^dtance ofan electrode pair depends on 
the surface area of the dectrddes, the ihterelectrWe spadng, and 
constant of the material hetwetn the plates. TT« dielectric constant of air is unity 
which typically means that the capadtance of this dectrode configuration, is. a few 
picofarads (or about 1 00 picofarads if there is fluid between the electrode and 
counter electrode given tbrt the didcctric constant for most biological flm^ 
approximatel;r 75). Thus, since the surface area of die electrodes are known, 
measuremeni of the capadtance of the dectrode pair allows for the determination of 
the thickness of the measurement zone to within about 1-5%. 



;. • • .34- •. ■ . 

The amdimt of void vohime in the sorbent mterial, can be 

. . • • . • • . ■ • • . • ' • I " 

. • . ; • . - • . • 

determined by.measuring the capacitance between dectiode 44 (which has no . 

... ■ , . • . . ■• . • 

second electron tFdiisfer agent) and its iassociated counter electrode^ both before and 

* ' • ■'••*. , ■ • 

aftex fluid is added: Upon adding fluids the ca^adtance increases niarked^ 

5 fluid has a much larger dielectric constant . Measuring the capacitance both with and 

. . ■ ■ ■ • ■ ■ • ■ -■ • 

mthout fluid allows the detofiiiination of the 

void Volume in the sorfoent, and thus the volume of the fluid in the reactioik zone. ' 

■ • • ■ . ■ . . . * • ■ • . • 

Tbesensor enrorcaused .by redox mediator in a non-uniform 

' oxidation state prior to the introduction of the sample can be measured^by 

• •• . ' ■ ■ . ■ • * ■ 

10 . concurrently electrolyzing the sample in the measiirement zones t^ 

electrodes 42 and 44. At electrode 42, the analyte is electrolyzed to provide the 

sample signal. At electrode 44, the analyte is not electrolyzed because of the 

* *• .• 

... • ' . , 

absence bfthese^nd electron transfer agent (as$ui^ . 
. transfer agent is necessary) However, a small charge will pass (and a small current 
IS wiU flow) due to.the electrolysis ofthe redox rnediatorthat-wBS in a inixedo 

State (i.e., some redox centers in the reduiced state and some in the oxidized state) ' 

• .'*'■•.■■ * ' 

prior to the introduction of the sample. The smaU charge 

electrodes in this second electrode pair can be subtracted from the charge passed 

between the first electrode pair to substantially remove the error due to the oxidation 

*'*. ■ 

20 state of the redox mediator. This procedure also reduces the error associated with 
other electrolyzed.interferents, such as ascorbaite, urate, and acetaminophen, as well 
as errors associated with capaciUve charging and faradaic currents. 

' < ■ • . « 

Other electrode configurations can also use these techniques (Le., 

• ' ■ .■. * 

. ca]>acitance measurements and coulometric measurements in the absence of a critical 
25 component) to reduce background noise.and error due to interferents and imprecise • 
. knowledge ofthe volume of the intenogated.sample. Protocols involving one. or. 
more electrode pairs and one or more of the measurements described above csb be 
developed and are within the scope of the invention. For example, oidy one 
electrode pair is needed for the capacitance measurements, however, additional 
30 electrode p^irs may be used for convenience. 



* ■ • * . ' • ■ • 
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• • • 

EXAMPUS ■ , 

.- • . • ■ . . , . 

The invcnUon wai further chaiacteri^ 
examples. Hjcse examples are not meant to iimit the sciopeof the itoveotion wMcli 
has been fuUy set forth ip the foregoi^^^ Variatiom within Ae concepts 

of the invehtion are apparentto those skilled in the at 



■ Exampki 
Preparation of a Small Volume in vitro Stus6r 
for the Petermination of GhiMse Concentration 
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A scnj»r Tras constnicted coi^ 
invention depicfed b Rgme J. Thk Pricing electrode wis constnictbd bh a Mylar?f 
film (Did>ort), the Mylar™ film having a thickness of 0.175 mm and a dimeter of ' 
about2J) cm. An ajjprradmately 12 mienm thick carbon pad haviiiga diameter of 
15 «*«itlcmi^sc^printalonfl^ 

werlaidvvithaWer.ins6lubtedietertri^ : 
12 Hm« and a 4 nmi diameter opening in the centiff. . 

The.center of the carbm dectixKiei iiAicb w» 
dielectric, ym coated with a redox mediator. The redox mediator was foimed by 
complexh»gpoly(l.yinyl imidazole) with Os(4,4'Mlime^^ 
followed by cross-linkmg glucose oxidase with the osmium^ 
polyethylene glycol diglycidyl ether as described in Taylor, et al., J, ^^^^ 
Chem., 396:511 (1995). llie nrtio of osmimn to inridazole iunctiona^^ 
redox mediator was approximately 1:15. The mediator was dqx»ited on the 
working electrode in a layer having a thickness of 0.6 pm and a diameter of 4 mm. 
Tlje coverage of the mediator on the electrode yns about 60 pg/cm» (dry weigblX A 
spa(xr material was placed on the dectiode sunroumiing 

surface of the electrode. The qwcw was madeof p<jy(tetrafluoroethylene) (PTFE) 
and had a thickness of about 0.040 mm. 

A sorbent material wasplaced in contact with the mediator-covered 
surface of the working electrode, the sorbent was madb 6f nylon (Tetko Nitex 
nylon 3-10/2) and had a diameter of 5 nim,.a thickness of 0.045 mm, and a void 
volume of about 20%. The volume of sample in the measurement zone was 
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calculated firom the dimensions aiifl characteristics of the sorbept and the electrode. 

The measurement zone had a diameter of 4 mm (the dianij^er of the mtediator 

• . • • • 

covered surface of the electrode) and a thickness of 0.045 mm (thicfcpess of the 

... ... •. . • ■ ■ •. 

. . nYlonsorbent)togiveavohimcof A57 pL- Ofthisq)a^ 

J ' * *^ ■ * ....... , ^* • . ■ ... . ^- ■ 

. • ' ' " . ' . ' ' • . , . • • • * ' 

5 with nylon and the other 20% was void space within the nylon sorfoent This 

• . ". • * ■ "■ ; " ' •■ • * . 

resulting volume of sample ivithin the measurement zoiie w^s about 0. 1 1 pL. . 

A counter/reference electrode was placed in contact with the 

< * . ■ . • -1 . 

and the side of the sorbept opposite to the working electrode so thai the two 

.,•■•*' '. 

electrodes were facing each other. The counter/reference electrode w^ constructed 
0 on a Mylar^ film having a thickness of 0.175 mm and ^^diaineter of about 2.S cm 
onto which a 1 2 mioon thick layer of silver/silvdr chloride having a diameter of 
about 1 cm was screen printed. 

The electrodes, sorbqit» and spacer were pressed together using pkites 

* ■ ■ ■ • . ■ ' •. ■' ■ ■ • ■ . ■ . ' 

on either side ofthe electrode assembly. The plates were formed of polycarbonate . 

■ ■ • ■" . ' ■ . •■ '• ' ' " . • ■ 

5 plastic and were seciirely clanq)ed to keep the sensor togetbier.. The electrodes wm 

stored hi air for 48 hours prior. to use. 

. Tabs acteiidedfinomboA the working electnxle^^ 

- • " * • • • 

counter/reference electrode and provided for an electrical contact with the analyzing 
equipment. A potcntiostatwas used to apply a potential differs 
:0 between, the working and counter/reference electrodes, with the working electrode 
being the anOde. There was no current flow between, the electrodes in the absaice of 
sample, which was expected, as no conductive path between the electrodes was 

present . » 

The sample was introduced via a small tab of nylon soriient material 

\5 formed as an extension from the nyloii sorbent in the sample chamber. Liquid was . 
wicked into the sorbent when contact was made between the sample artd the sorbent 
tab- As the sample chamber filled and the sample made contact with the electrodes, 
current flowed between the electrodes. When glucose molecules in the sample came 
iii contact with the glucose oxidase on the working electrode, thp glucose molecules 

10 were electrodxidized to gluconolactone. The osmiimi redox centers in the redox 
mediator then reoxidized the glucose oxidase. The osmium centers were in turn 
reoxidi^ by reaction with the working electrode. This provided a current which 
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was in«Bur«i and simultancousiy integra 
Applied Research Modd #173) 

. .- . . . • . . . . ' . • 

■ . ■ , . . ■ • . , . • • 

• \ "n* electrochemical leactioiicon^Mxlu^ . 
steady;state value wliid. indicated^^t^ 

5 electroreduced. The cunem curve obtained by measurement of the tweit at • 

specificmtervalsM^asinteigrated^to . 
the electrochcanical reaction. TIi<*e charges wcii then pJottpd^ 
glucose concentration to produce a caUhration curve. 

The «aisor was tested usbg 0.5 |iL ahquote 
known concentiatiow of glucose in a buffer of ar^^^ 

control sarum (Baxter-Dade. MonitrolLevell. Miami; FL) m the range of 3 to 20 > 
inMglucoite. The artificial ccretao^ 

following salts^ 126 mMNiCl. 27.5 mM>taHCO„ Z4 mKi kci. 0.5 mM KH^^ 
l.linl^CaCV2HjO,andOJniMNajSO;. 

The results of the analysis aie shown in Table 1 and in Figme^^ 
Table J, is the averagj daige used to el^ 

test samples (Figure 7 graphs the charge for each of the tost samples) and the 90% 
rise lime correqM,nds to the amount of time required for 90% of the ghicose to be 
elwtrolypd. Tie data show a sensor pred^ 
sensitivity of the sem^rXor low glucose concenttati^^ 
physiologically relevant range (30 pg/dL - 600 pg/dL). 
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JABUE 1 
Sensor Resnlts Using Glucose Oxidase 
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buffer only 


• 4 . 


9.9 db 1.8 

» ■ • 


. 13 ± 6 . 


3 niM ghicose/buffer . . 

* ■ 




•17.8± .3.5 


J9± 5 


6 mM glucose/buffer 

• • 

■ • , • . * 


4 . 

• 


49.4 ± 4.9 : 


25 ± 3 


1 0 inM glucose/buffer 


6 


96.1 ±12.4 

* 


36±.17 


IS mM glucose/bufTer . 

, •• • 




205i±75.7 


56±23 


20 mM glucose/buffer 


• ■ 4. ■ •., • 


255:7 ±41.0 


62il7 




«.>-«.K5v«...::t.x< *.JL.v. 






OmM glucose/serum 


' ■ 3, 


44.2 ± 4.3 


44± 3 


15.8 noM ghicose/senim 


3 


218.2 ±57.5 


72±21 

• 
• 



■ * • • 

TTie average measured valuer of ^ucose concentmtion were fit by 
one or more equations to provide a calibration curve. Figure 8 sboivs the czdifaristidn 
curves for the glucose/bujBfer data of Table 1 . One of the 1 5 .0 mM glucose 
measurements was omitted from these calculations because it was more than. two 
standard deviations away from the average of the measurements. The higher glucose 
concentrations (1 0-20 mM) were fit by a linear equation. The lower glucose 
concentrations were fit by a second order polynomial. 

Figure 9 shows the data of Table 1 plotted on an enror grid developed 
by Clarke, et al. Diabetes Care, 5, 622-27. 1 987i for the determiimtion of the 
outcome of eirors based on inaccurate glucose concentration deteiminatjon. The 
graph plots "true** glucose concentration vs. measured glucose concCTitration, where 
the measured glucose concentration is detennined by calculating a glucose 
concentration using the calibration curves of figure 8 for each data point of fi gure 7. 
Points in zone A are accurate, those in zone B are clinically acceptable, and those in 
zones C, D, and E lead to increasingly inappropriate and finally dangerous . , 
treatments. 

There were 34 data points. Of those data points 91 % fell in zone A, 
6% in zone B, and 3 % in zone C. Only one reading was detennined to be in zone 



10 



3b 



wo 5>»35225 

■■ ■ ■■■ ■■ ■ 39 ..; ■- ■ 

C -ms^ding off-scale and is not showb faifigure 9. This, 97% of the 
rc»din^ feU in the climcally accqitable 2^ 

11« total numi«r of OS aton« was detenni^ 
Osandtheneleclroo^dizingawithaglucos^i^^^ 

llm «s«hed in a charge of 59:6 ± 5.4 MC . Con.^ 
gluc^fiee buffer iesult in Table , inchoated that than 20% of the 
Induced fom. prior to introduction of the sample Hie viriabiJity in the quantity of 
osmnto fa the reduced s^te is less than 5% of the total quantity 5f o^ini p.es«.t 

• ■ • 

Response of the Gluipose Sensor fo Ibleif^^^^ 

. .. A saisor constructed in the saqieaiW 
^P^l-^-sedtod^ernrinethesen^',,^ 

15 'J««««^calintetferente for blood glucose it^^ 
.acetanAlbphe„.a«iuh.c..Thc 

acetaim«,phen) conc^on ranges of th^^ 
awortate: 0.034 - 0.1 14 mM 

. «cetanrinoi*en: 0.066 - 0.200 mM 
20 urate (aduhmaTe): 0.27 - 0,47 mM 

Tiet^ in: r«/6oo* a/a*™c»/ CA«;„/,,>y. C^^^^ 
Saundeis Co., Philadelphia 1994, pp. 221 0-12. 

Buflered ghicose-fiee interferent solutions were tested with 
concentrations of the interfe«nts at the high end of thephysioidgical or therapeutic 
nmges listed above. The injected sample volume in each case was^^ A - 
potential of +100 mV or .-200 mV was applied between *e electrodes. average 
charge (Q^ was calculated by subtracting an average background current obtained 
from a buffer-only (i.e, mterferent-lree) «>lution from an average signal recorded 
^thmterferems p,^^, resuhing average charge was compared with the 
«gnais from Table I ^r 4 mM and 10 mM glucose concentrations to determine the 
percent erxoi that would result ftom the interferent 
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Interferent Response of Glucose Sensors 





0.1 14 mM ascoibate 



OA 14 mM ascoibate 



0.2 nSM acctammophen 



0.2 mM acetaimnop] 



v.j ... > r , 



, r - mm' ■ - 
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0.47. mM urate 



0.47 mM urate 



200 



200 



. 200 



-0.5 



...... i.-.iww. 



0.1. 



1:0 




18.0 



2% 



; . ;JA.-.^ .'.if''- 4 • v. 



."V • ti.Vv vw.k,> 



<1% 



-5% 



i». « ^ .... * .1 ' 



S0%. 



<1% 



.<i% 



1% 



-s- 



21% 



These results indicated tha^^ 
agiuficant irterfcrente for the 0^ 

potential jncasurements. koywver, «rate provided significant interferem*. This 
interference can.be minimized by calibrating the sai^ 

concentration of 037 mM, eg;, by subtracting an appropriate amount of charge as 
determined by extrapolatioii &om these results from all glucose measuremtaits of tfie 
sensor. The iesultii« error due to a 0.10 mM variation in urate conccnttation (the 
range of urate concentratiottis 0127 - 0.47 in an adult male) would be about ^% at 4 

• * 

oiM glucose and lOOmV. \ 
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Example 3 
Sensor with Glucose Dehydrogenase 

. A sensor similar to that described for Example 1 was prepared and 
used for this example, ^cfcpt that glucose bxidase was replaced by pynploquinoline 
quinone glucose dehydrogenase and a potential of only +100 mV was applied as 

opposed to the +200 mV potential in Example 1 . The results are presented in Table 
3 below and graphed in Fig. 10. 
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TABLE3 

Sensor Results Using Glucose Dehydrogenase 




hiiffet 

3 mM glucose/buffer 

> • 

6 mM glutose/buffer 
10. mM ghicose/bufFer 



4 

? 
T 
4 



96.9 A 15.0 
190.6 ±18.4 

• • ' ^ 

327.8 d: 693 



26 ±6. 
42 ±9 



The results indicated that 1^^ . . 

dehydiogcime^aisorwasmuchia^^ .. . 

senior, eqjecially for low cdncentra^^^ For 4 iiiM glucose 

concentralions the measurements obtaiM by the two s^rs differed by a fector of . 
five. In addition, the ghicose dehydrogeiase sensor operated at a lower poten&d, 
ther*y nAicihg the effects of interfCTent re^ 

' ' ' ■ ■ 1 1 • * _ • 

m * • • 

In addition, the results ftodi Table 3 were all m by a lines 
«»iVe as opposed to the results in foamplrl^ 10. A single liiidsir 

oilibration curve is greatly preferred to simpKiy sensor constniction and opeiatioiu 

^so, asaiining that the intCTfere?it results from Table i2 »^ 
for this sensor. aU of the interferents would introduce an error of less than 7% for a 3 
mM glucose solutiin at a potential of 100 mV. 
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Example 4 . 

Determinalionofl^ctateConcenlnilioDinaFltiidStreani 

Hie sensor of this Example was constructed using a flow cell 
(BioAnalytical Systems. Inc. #MF-lQ25)withagJassy carbon electrode, A redox 
mediator was coated on the electrode of the flow cell to provide a working electrode. 
In this case, the redox mediator Was a polykner formed by complcxing poly(l-vinyl 

imidazole) with Os(4,4^dimethy^2,2^bipyridine),Cl, with a ratio of 1 osmium:for 
every 15 imidazole fimcliodaliUes, Lactate oxidase was cross-linked with the 
polymer via polyethylene glycol diglycidyl ether. The mediatpr was coated onto the 
electrode with a coverage of 500 pg/cm' and a thickness of 5 pm. The mediator was 



W09JM3522S PCr/WS«tfW«SZ 

42 • ■• . ■* • •.. 

covered by a polycarbonate track-etched odaembrane (Osihonics-Poietics #10550) to 
improve adherence in the flow stream. The membrane was then overlaid by a dngle 
50 Jim thick spacer gasket (BibAnalytical Systems, Inc. #Kff-1062) a>nt2aning st. 
void which defined the sample chamber and corre^nding measi^ 
5 . Assembly of the sensor was completed by attaclmient of a ceU block (BioAna^ 
Systems, Inc. #MF-1005) containing the reference and aiudliary electiodes of the 

flow cell. . . 

The sample diamber in this case corresponded t 

• • ■ ' ■ 

\ cylinder (the thickness of the spac^ gasket) in contact with a noLediatpr-cofited 

* • • ' *'•'■• 
1 0 electrode haying a surface area of 0.03 1 on^ th^ calculated volume of sample in / 

the measurement zone of this.s^nsdr was approximately 0.16 pL. 

The flow iate of the fluid stream was 5 pL/mjin. A standard three 

• . . » , . . . . ^ • 

elecm>de potentiostat was attached to the cell leads and a potentid of +200 mV inras 
applied between th^ redox mediator-^ioated glas^ carbon electrode and the iefer^ice. 

15 electrode. This potential was suffidem to drive the en^me-mediated oxidation of 

- 

lactate. . • • * 

As the fluid stream.flowed through the sensor, a steady-state cw^ 

. ■ • ■ . ■ • ■• * • ■ ' • 

proportional to the lactate concentration was measured. At pm 

fluid flow was stopped and current was allowed to flow between the electrodes, until 

* ■ • . ■ • 

20 approximately all of the lactate in the measuremeht zoiie was electrooxidized, as 
indicated by the achievement of a stabilized, steady-state current The total charge, 
required for lactate electrooxidation was found by integration of the differential 
currerit registered from the flow stoppage until the current reaphed a steady-state. 
The coiKentration was then calculated by the following eq^ 

25 [lactate] = Q/2FV . (4) 

■ • 

where V is the volume of sample within the measurement zone and F is Faraday's 
constant. 

This assay was performed using lactate solutions having noni^ 

lactate concentrations of 1 .0, 5.0, and 1 0.0 mM. The nieasured concentrations for 

. . ' * 

30 the assay were 1 .9, 5.4, and 8.9 mM respectively. 
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'Examples''' • '• 

Sietennhiatipn of the Oxidation State of Osi4,4'-4imithoxv-22*- 

poly(]-vuiyI imidazole) . 

• • . ■ " • • . • . ' • • • ■ * ■ ■ . ."' 

■• • • •. . . • . • ■■ ■ . . . . ■ 

- . ■ . . • 

Ase!isorliavinga.thr^eredh^ 
fiomEcosseosoBLtdj Long Hanborpugh, England, under the model W ^lai^e 
area disposable decttode^". The sens6r Contained paraller and coplanar working. 
referpnceandcc>unt«electrode^ 
dectiodes W fo^naed of printed 
printedAg/AgGl. Ared<«mediatorwascoat«iiofr^^ 

The redox.mediator ^ fo^ed by complexatioii of pdyd-vinyl imidazole) with ^ 
0?(4,4♦;.^methoxy^^bipyIidine),CI,inaratioof.l^ . 
cafionfollowedlqr cross linkidg 

IS poiyetfayidiie glycol digiycidyl ether. 

• ____ • • t , • • • 

T^dectn)dewascOTedatjroom 
«»PWcIedrodeana^ 

|H>tential^f +200 mV (suffident for conveiaOT 
bdwctffl the wiking dectiTode and the rtference clec^ 

Upon application of the potential, animdetectablc charge of less than 
1 iiC was passed. Subsequent reduction and reoxidation of the redox mediator 
yielded a diarge for conversion of aU Os firom OsQl) to Os(lIl) of 65 pC. Therefore, 
more than $8% of the Os cations in the redox mediator were in the desired oxidized ' 
Os(III) state. 



10 



5 



Exainple6 

Deleiinhialion of the Oxidation State of the bs(4,4'-dimethoxy-2;2'- 
bipyridine),cr'*' Complexed witl poly(4-vinyl pyridine) 

• ^ ^ 

• m 

A similar experiment to that of Example 5 was conducted With ihe 
same woric{ng/co.«jt»/referencc electrode configuration except that the redox 
mediator on the working electrode was changed to a complex of Os(4,4 '-dimethoxy- 
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2>^bippdine)iCl,withpoIy(4-v^rlp)!ridineXw^^^ 

cation, cross linked wiUi glucose oxidase via polyethylene jglycol diglyddyl ether. 

: Two sensors >srere' constructed. The. electrodes of the two seosors 

iyere cuied at room temperature for 24 hours. The electrodes, were thm inunersed in 

• . ■ * • • • . • • • . 

5 a bufiercd electrolyte solution and a potential of +200 mV was d^lied between the 

working and ref<aence eleclrodes. 

Upon application of the potential to the electrodes, a charge o^ 

wni 3:8 jiC/waS passed in the two sensors, respectively. Subsequent reduction and 

reoxidation of the redox mediators.yielded oxidatipn charges of 27.9 jiC and 3:tf.O 
• ♦ , * • * ' ' • •■ ■ ■ * ' 

G iiC, respepthrdy. Tbwfore, the sensors originally contained 91% and 86% of ttie 

• Oi cations in the desirable oxidized Os(HI) state. 



IS 



Example 7 
Optical Sensor 



An Optical sensor is constructed by apjplying a film of redox polymer 
' ■ . ■ • . • ' ■ ■ 

withCTOSslnikeden25rme6nt6alight-transpar^^ The 

• ' ■ ' • ' ' ' ' • .•*.-'.', 

quantity of redox mediator is equiai to or greater than (in a stoichiometic sense) the 

maximum quantity of analyte expected to fill the measurenient zone. The ^cer 
20 matcrtai, sprbent and facing support are securely clamped. The ^ple chamber is 
adapted to transmit light through the aissembled sensor to an optical density detector 
or to a fluorescence detector. As sample fills the sample cba^lber and the redox 
mediator is oxidized, changes in the absorption, transraissioii, reflection or 
fluorescence of the redpx mediator in the chamber afe correlated to tiie amount of 
25 giiicose in the sample. - 

♦ * • ■ 

Example 8 

Blood Volumes from Upper Arm Lancet Sticics 

* • * • * • 

30 The foreann of a single individual was jMcroed with a lancet mul^^^ 

times in order to determine the reproducibility of blood voliimes obtained by this 
method. Despite more than thirty lancet sticks in tiie anterior portion of each 
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foreann and Ihe dorsal legion of tbe left foreafm, the individual identified each stick 
as virtually painless. 

■ V . . . • • • • ' ..." ■ . 

. . The foreann was piwcedvrfth a 

ftom each stick was collect^ 

detemuned by measuring the lenigth of the blood column. The vohimes obtained 
from each stidc are shown below in Table 4. 



. / Table4 
Volume of Lancet Sticks' 





IMRMSSnor. 


Foi^(nL). 




1 


180 


'190 


180 


1 2 


250 


180 


300 


3 


i7p; 


120 


310 


.4 


150 . 


lOO 


300 


5 


, 100 


210 


. 60 . 


<> 


- 50 


140 


380 . 


7 


90 


. 120 


220 


8 . 


130 


140 




9 


120 


. 100 


380 


10, • 


• , . • 

-^ V. -V- • - 

m • • • - • V 


100 . 


320 


1 11. ■ 


A. -: •.::•.-.,•< ^• 




260 




■ • - ♦ • <- • , 


. • ■ • . ■ - • 
.- .■ .-; ..." , . • . 


250 


13 






280 


14. 




•.• . . 


. 260 




138±58i>ly 


.l40±40Bt 


264±83dL 



The invention has be«i described with reference to various specific 
and preferred embodiments and teclmiques. However, it wiU be apparent to one of 
ordinarily skill in tlie art that many variations and modifications inay be made while 
remaining within the q)irit and scope of the invention. 

. AU publications and patent applications in this specification are 
indicative of the level ofordinaiy skill in the art to which this invention pertains. 
All publications and patent applications are herein incorporated by reference to the 
same extent as if each individual publication or patent application was ^ifically 
and individually indicated by reference. 
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46 . • ■. ■ . 

, WE CLAIM: , 



1 . . A method for detennining a concentration of an analyte iii a sample, 

comjMrising the stqps of: .. 

. contacting a sample with an electrochemical $035^ 

• a facing electrode pair comprising a working electrode and . a cow^ 

■ . * 

electipd^ and 

. a sample chamh^ for holding the sample in electrolytic contact 

; . • ... . ^ . ■ ... 

• the working electrode, the sanople chamber comprising a measurement 

•• • . . -. . • . • 

. . ..■ _ ...^ 

]x>sitioned between the woikiog and <x>unter electrodes, wherein the . 

measurement zone is sized to contain a vohune of less thaqi about 1 pL of 

- ■ ■• ■ . • . - ■ ■• •'• ' ■ 

sample; and 

* m • 

• • • • ■ 

detennining the concentration of the analyte in the sample by couloipetiy. , . 

• • • 

2. The method of clmin 1 , whd:dn tiie measurement zone is sized toicontain a 
volume of less tlum about 0.5 pL 

3. The method of claiim 2, xiriierdn the measurement zone is sized to contain a 

* ' * ■ * ' . .... 

volume of less than about 0^ fiL of sample. 

• • ■ 

4. The method of claim 3, wherein the nieasurement zoiae i$ sized to contain a 

■ * • ..• • ■ 
volume of less than about 0. 1 pL of sample. 

S.. The inethod. of claim 1> iidieieih the sample chambrar is sized to coritain a 

■ ■ • • * " < 

volume of l ess thah about 1 pL of sample. 



6. The method of claim 5, wherein the sample chamber is azcd to contain a 
volume of less than aboiit 0.5 pL of sample. * . . 

» 

- • • • , • 

7. The.method of claim 6, wherein the sample chamber: is sized to contain a 

volume of less than about 0.2 pL of sample. 



• 47 . 



8. Tl«:»«*odofclaiml. wherein the step of dci^ 
the analyte comprises: . • 

...... • . , . 

elecd*lyzbgatieast90%ofa^^ 
applying apptential across the working amtcounttv elecHode^'. \ ' 

chaige used to ele<;tro^ the ai^yte; 

coirdating Ae electriial charge with the 
sample. . 



9. 



^e.nielhodofclaiin8,whei^atIcast^^9^^ 
less than about 5 minutes.. 



10. 



Tie nieUidd of claim 9, wherein at least 90% of the analyt^ is electrdyzed in 
less than about 1 minute: • 



11. ■n^e^ethodofclaiinS, whaeinthestq^ 
comprises the Steps of: 

measuring a cuirent generated at the woiidng elected 
as the analyte is electrolyz^; and 

integrating the measured currents over time to obtain the clectrical^^ 
used to electrolyze the analyt& 

12. nie method of claim 1, wherein the stq> of detennining the concentiatlon of 
the analyte by coulom^tiy comprises the stMs of: 

analyte by applying, a potential across the 

working and the counter electrode- 

, ■ ■ ► ■ ■ • 

measuring a current generated at the working electrode at two or more limes 
during the electrolysis; . 

ortrapplating a current curve based on the measured currents- ■ ^ 

integpting the current curve over time to obtain an electrical ch^e 
necessary to elieclrolyze at least 90% of the analyte; and 
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* * • ■ ■ 

. • • • * . . ■ 

correlating the electrical charge with the concentratiop of the analyte in th^ 

" * ' * . • •■ • ' ■* * * * 

sample. • .• . 

• . * ■ " ■ , 

13. . The method of plaim I, wherein tte seiis^ 
enzyme on the working electrode. 

14. The method of claiiri 13, wherein theenz^e is immobilized on the working 

* * « 

. . • • ••• • . ■ . • ■ • • 

electrode* . 



• ■ . - 

1 5 The inethod of claim I , wherein the sensor furtte comprises a non-leadiable 

* . • • ■ . . • • . .■*••' ■ * .* 

redox mediator on the working electrode. . 

■ ■ • , . • 

* ■ • . . * • .' • 

16. The method of claim 1 S» wherein the redo3( mediator is immobilized on the 
working electrode. 

• . . . . • 

... 

17. The method of claim 15, ;«Acrdn the redox mediator comprises a polymiet 

. . • ■ ■. .V ■ • . . • . . ; - . 

and a redox species ionicalf/, coy^lently, or coordinatively bonnd to the polym^. 



1 8. The method of claim 1 7, whercan the redox species is coordinaiiydy bound 

• * • - ■ • 

tothepolymCT. 

• • . . . • . 

* ■ ■ * 

* • • • 

1 9. The method of claim 1 5, wherein the redox mediator comprises an air- 
oxidizable redox mediatiM:. 



1 ■ \ 



20. The method of 19, whoran the air-^xidizable redox mediator 
comprises Os[4,4'-diimAoxy-2,2'-bipyiid^^ 

phenanthrolinetcr^* compicxed ynib pdly(l-VinyI imidazole) or poly(4- 
vinyipyridine). 

■ . * ■. . . 

» ■ ' * - 

21. The method of claim 15, wherein at least 90% ofthe redox mediator is in an 
oxidized state prior to introduction of the sample in the sensor. 



■ 
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. • . . , ' • • • • 

22. TT»niethodofclaiml5.wl^ 
leachaWe scQond eJecfron tninsfer ageirt on tte 

• ' ■ ■ ■ 

- , • - * « ' ■ • 

■ . • , . * • " • • 

23. ThemeUiodofdaiih22. wltereintliesK^^ .. 
. . jjniDobilized.on (he woiJdng de^^ 



24. Theineaiodofclaim2^iyher^ 
canqmses an epzyme. 

25. ThenM^ofcIaim24,T)*ereintlie^nalytfeis^^ 

» ■ * • • • ■ ■ 

*■*'. ***. . - ***■ 

26. The method of dafan. 25, wherein the enzyme is a glucose oxidase. 

• • • , 

27. Theniethodofclaiml.whOTinthesensor.fortherconipri^ 
m^feri^al disposed in dtt measoiement 



28. . TTie method Of claim 27, wheiein the step of contacting the ssimple with ah 
eleclrochemical sensorftrthw conq^ 

material to wick the sample into the measurement zone. 

29. The method of dafm 1, wherein theworking dedrode and counter electrode 
have a separation distance of less than about 0.2 moL 

• • • ' 

30. The method of claim 29, wbeidn the sq»nition distance is less than about 
0.1 mm.' 



31. The method ofdaim 30, wlM«in the separaUon distance is less than a^ 
0;0S mm. 



32. Thf method of daim 1, wherein the sensor comprises two or more fadng 
electrode pairs. 
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33/ Amethodof deteiminingtbeconcentraticmof 

* ■ ■ ■ ■ 

comprising the steps of: • 

• • • - • • • - " • " ■ ■' • 

contacting a sample with electrocbe^ 

commiscs a working electrode, a non-leacliabte redox mediator on the woridng. > 

electrode, and a sample chwxhcr sized to contain a vplunie 6f less than about 1 |iL of 

sample in electrolytic contact with the wqAing electrode; and 

deteraiining the concentration of the analyte in the sample by OTl^ 

- . • • • • . ■ • . . . . 

34. The method of claim 33, wherein the sample chamber is sized to contain ^ 
volume of less than about 03 pL of sample^ 

• * • . ' ' ' • * ' 

■ . •. '. • * ' ' '• ■ 

35. The metlk>d of claim 34, wherein the saniple chamber is sized to contain i v 

• • . * 

volmne of less than about 02 pL of sample. . 

• ■ • • • - 

36 The method of claiin 33, wh^ein the redox mediator is inunbbilized on the 

« ■ - • ^ * 

working electrode. 

37. . Themethod ofclaim 33, whcrdn the sensor • 
leaclmble second electron trai^fer agent oh Re working electro 

• M ■ * ■ t * ' 

38. The method of claim 37, wherein the second electron trmisfer agent is . 

♦ . ' ■ . ■ 
immobilized on the working electrode. 

- • . . • • 

■ 

39. The method of claim 37, wherein the second electron transfer agent 

-comprises an enzyme. 

* . ' • • . • 

■ 

■ I 

40' The method of claim 33, wherein the sensor iiirther comprises a sorbent . 
material within the sample chamber to reduce the volume of sample that the sample 

■ ■ . * * ■ ■ 

chamber is sized to hold. 

4 1 . The method of claim 33, wherein the redox mediator comprises a transition 
metal complex. 
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• •■ *••• • 

42. method of cimm 4ny*eieinl^^^ 

nithenium, iron, or cobah complex. 

! * .■ " . ■ . . • , . • . 

•• . •• * ' ■ . ■ . . . ■ 

• • •• ■ . ... 

43. method of claim 42, ^in A^^ 
osmiimi complex: 

« ■ ' - • • 

44. "nie method of claim 43. vAeremlh^ 
complexed wdi at least one Hgand having a m^^ 

■ » • • 

45. method ofclaim 44. wherein the Bgand having a 

heteiocyde comprises 2;2%bipyridine. l.lCkphenanthrolin^ or a derivative thereof 

■ ■ I • * • 

■m ' * • • 

« • 1 

• • V * ' • 

k • • • • , ■ 

46. Ti»einelhodofdaim45,vvhereintheligandhavinganito^ 
heterocyclc compriscsamono-. di,, or poiyattojjy derivative of 2^'-WKPridine or 
MO-phcDanthroKne, wberem the carbon to oxygen ratio of the alkoxy fimctional ' 
groups is sufficient to retain sohiWlity of the transition metal complexin water pri(«r 
to crbsslinldDg. 



47. The method of claim 45, wherein the nitrogen-containing heterocyde 
comprises 2.2'-bipyridine, 4.4'-dimethyl-2.2'-bipyridine, 4,4'-dialkoxy-2.2', 
bip3Wdine..l,10i*enanthrolinfc.4.7:dbnethyl-l.I0.plie^ 

1.1 0-phenanthrolirie. wherein the carb^ to oxygen ratio of the ^ 

groups is suCBcient to retain soluWUty of the transition metal complex in water-prior 

to crosslinking. 

■ * • 

48. The method of daim 43, wherein the osmium complex comprises osmiiim 
completed with a polymeric iigand. 

49. The jnetbod of daim 48. wherein die polymeric ligand comprises a nitrogen- 
containing beterocycle. 
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- . • . - • , ■ ■ • 

. • • • ... , . 

50. The method of claim 49, wherein the pol)naicr comprise poly(4-vinyl 

' - ' . . . ■ . • . . 

pyridine) or po|y(l -vinyl imidazole). 

• • • • 

>^ 51 An electroehemical sensor for detennining the concentration of an aftalyte m 

• ♦ . • •■ . ■ , " • • • 

. a sample, the sensor comprising: 

a facing electrode pair comprising a working electrode and a countelr 

■ • ■ ■ t . * 

■ . • _ « • - 

r " ■ ' . 

electrode; 

* . . . 

a nQEhleacHable redox mediator on the \yorking electrode; and 

• • ' ' • .- • , . • . 

a measurement zpnc TOsitioned b^ween the 

'*.'.' • • ' • ■ ' ' . . • ■ ' 

dedrode, wherein the measurement zone i^ 

about 1 pJL of sample. ^ . 

• • • • « • • 

• •• " . • ' • ' 

•.-■•*. ' . ^ 

• * • ■ .' ' ' ' ■ • 
52. The sensor of claim. 5 1, wherein the meaOTreiiient zone: is M 

■ . . . ■ • ■ 

vblunie of less than alK>ut 0.5 pL of sample. . 

• . • • • ' . 

53 The sensor of claim 52, vsdierein the mea^urbnent zone is sized to containi a 
■volume of less than about 0.2 |iL of saxnple; 

• ■ . ■ 

■ 

54. The seiisor of claim 53, wherein the measurement zone is sized to contain a 
. • • ' 
■ volume of less than about p. l pL. of sample. 

■ • - • 

55 The sensor of claun 5 1 , wherein the redox mediator is immobilized on the 

m ■ 

working electrode. . 

* • * ' ' * 

56. The sensor of claim 51, wherein the redox inediator is an air-oxidizable 
redox mediator. 



57. . An electrochemical sensor comprising: 

two or more facing electrode pairs, each electrode pair comprising a working 
electrode,^ counter electrode and a rneasurement zone disposed approximately 
between the working and counter electrodes, wherein the measurement zone is sized 
to hold less than about 1 pL of sample; and 
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non-ieachablc. redox mediator on Uks wrkinig eledrode of at least one of the 
• electnxle pairs. - 

* < ■ 

58/ 'n^sensOTofcIaim57,whcrcm 
woridng dectrode of at leasl b 

• ■- • • 

■ • • * ' . 

• ■ • ' • * ' 

59. The sensor of claini 57i wherein the measinement zjine of at least one of the 

electrode pairs is sized to hold less thanaboutO.5 fiL of sample. 

■ . • • • ■ . . ■ 

60. Ttee sensor of claini 59, whaein the measoreinent zoiwof at leaist one of the 
electrode pairs is sized to hold Jess than about 0.2 |iL (if samp^^ 

61. The sensor of clahn 60, whereiii the measuranent zone of at least one of the 
eliwtrode paire is sjzed to hold less than about d.l jiL of sam 

. . . . , 

62. sensor of claim 57, wheidn at least one electrode pair coinim 
working elebtrode iiiduding non-Ieachable enzyme and redox mediator, and wherein 
at least one electrode pair (kMnprises a working electrode inctading non-leachable 
redox mediator in the absoice of the eimrme. 

• . * ' . p • 

63. The sensor of claim 62, further comprising a ftird electrode pair having no 

redox mediator OT en^e on the walking electrode. . 

• . - 

. . ' ■ ■ 

1 * » « 

64. TTk sensor of daim 57, further comprising sorbent material disposed in the 
measuremeitt zone of at least one of the dectrbde p 

■ * • • • 

65. The sensor of claim 57, Mrberein the redox mediator is an air-oxidizable 
redox mediatiH-. 



66. An electrochemical sensor for deteimining the coijcentr^^ 
a sample, the sensor comprising: 
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. a fiusmg electrode paff comprising aw 

■ electrode 

. . a measurement zone portioned between the 

. • - . . . • • ■ • 

electrode; and 

. sorbent matcdal disposed ai 1^ partiaUy^w^ 

reduce the volume of sample needed to fill the.measur^^ . 

■ . . - - 

* vrfieiein the measurem^izoiie is sized tp contain a volume of le^ 

about 1 of sample. . . . • 

; ' . . ...... . * • ■ • . • . . 

. ■ . 

67 The sensor of claim 66; v^eirein the measurem^t zone is ^ized to contam 

volume of less than about 0.5 pL of sample. 

. . ' • • • . 

68. The i5ensorofclaim 67»wberdn the measurement zone is sized t^ 

v6lume.of less than about 0.2 pL of sample. 

• . ' ■ . • ' 

■ 

6^4 ' The sensor of claim- 68» wherein the measurement zone is sized\to contain a. 
volume of less than about 0.1 pL of sample. 

« * . « ■ • 

• • _ ■ 

70. The senior of claim 66» wherein the sensor further comprises non-leachable 
redox mediator Oil the workmg electrode. 

- . • • . ■ ■ . * 

\ * , * • 

7 1 . The sensor of claim 70, wherein the redox mediator is immobilized on the 

working electrdde. . 

■ * • • *■ . ' . • . . ■ • ■ 
. ■ ■ • ■ •• ■ ' , 

72. The sensor of claim 66, wherein the sorbent material has a void volume of 

» - * 

■'" between about 5% and 50% ofthe total volume of the sorbent material. 

• ♦ • . ■ 

73. The sensor of claim 72, wherein the void volume is about 10% to about 25% 

of the total volume of the sorbent material. 

74. An electrochemical sensor for determining the concentration of an anaiyte in 
a sample, the sensor comprising: 
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a working electrode; 



a non-leachable redox mediator bn the working electrode; 

a sanq)le chamber for holding the fample in eJw^^ 
waifciDg electrode and 

• • • . 

. • . . . • . . _ 

soibent niatcnd diqwsed within the sample chamber 
wboeiii the iample chamber is sized to cbntairt a volume of 1«» th^n about I 
pLofsaoqile. 



75. The sensor of claim 74, wherein the sample chamber is sized to coriain a 
volume of IcMs than abom 0.5 pL of sample. 

• ■ « 

76. The sensor of claim 75, wherein the sample chaiiberis sned to coDtaiQ a. 
volume of less than about 0.2 pL of sample. 



77. A method for deteimining. the concentration of an aiaiyte in a aiHple. 
-. comprising dvB stqjs of: 

contacting the simple with an electrochemical saisor, the sensor comprising: 

an electrode pair comprising a working electrode and a counter 
dectn)de: 

.• - . • • ■ . . ■ . • ■ 

a sample chamber for holding the sample in electrolytic contact with 
the woridng electrode; and 

a soibent disposed \vithin tbe saipple chamber, 

• . • . • . 

wherein the sample chamber is a2£d to hold le^ 
sample; and 

detcmining the concCTtration of the analyte by coulometr^^ 

* • • • • 

78. The method of clafan 77. wherein the method further comprises wicking the. 
sample into the sample chamber using the sorbent material. 



79. Th&method of claim 77, wherein the electrode pair is a facing electrode pair. 
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go. A sensor for the determination of the concentjation of an analyte in ^ sample 

having a voliune of less than about 1 pL> comprising: 

'•••*•' ' ' . . • * ■ ' . ■ ■ *• ' . 

• a support: and 

• ■ ■ • • . • ^ • 

an air-K>xidizabIe redox mediator coated on the support to fon^ ' 

• • • . • • ■ • ■ ■ . . 

^rface for contacting sample; ' 

Mdierein, at least 90% of the air-oxidisable redox mediator is in oiddized 

state prior to introduction clf sample. 



8L The se^r of claim SdyWberein the airH)xidizable redox 

* • ■ • . • ' ■ ' . * : 

immobilized on the- support • 



82. Amethodfordetemuningaconcmtrationof an^i^ 

. ' . • • . • ' ' ' ■ ■ ' * 

comprising the stepa of: 

••*. . ■ 
contacting the sample >vith a sensor coniprisipg a suppprt; and ah air^ 

oxidizable redox mediatcM- coated on the suppoh to fotm a woddiiig sur&ce» inAerein^ 

." * • ■ . " ' * • " • 

at least 90% of the dr-oxidizable redoxtpe^ator is in an oxitUzed state prior to 

• ■ , ■ ' *•••■* 

introduction of a sample; and 

conelating the concentration of the analyte in the saimple to a change in . 
oxidation state of the redox mediator in the presence of analjrte. . 



83^ The method dfclaim 82, vvherein the sensor is an optical sen^r. 

• ■ 

■ • ■ • * 

84. The method of claim 83» whmih the step of correlating the concentration of 

, . . . ■ _ . - ' ■ 

the analyte comprises: 

irradiating the redox niediator with light; 

measuring the response of the redox mediator to irradiation by light; and. 
correlating the concentration of the analyte to th^ measured response of the 
redox mediator. 



85. The method of claim 84, wherein the step of measuring the response of the 
redox mediator to irradiation by light comprises measuring the absorption of the 
irradiated light by the redox mediator. . • 
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* . . . . • ■ ■ 

■ 

. . ■ . ■ • ' * • • 

86. The method of claim «4,whM^ 
>eaox mediator to inadiatioir by light conipii^ 
inadiated light by the redm mediaton 

. . . • . • ■ ■ • 

■ . ■ . . • * ' * .• • • • 

• • . • : 

-87. Themcth(jdofclaim84.wdieremthes^ 

redox medisitor to inadiadon by light comprises m^ftg the fluorescence of the 
redox mediator aAi^madiatipii by light. ; 

.. . ■. . ' , . .... 

■ • » ■ 

98: Tlie idiethod of claim .84, Tvfaemn the step of measuring the response, of the 
redox mediator to inadiation by light comprises itoeasuring the reflection of light by 
the redox mediator. 

• • • . 

..... 

... * . . . ■ , * • . 

89. method irfdaim 82, wherein the sensor is an ele^ 



90. T^e Method of claim 89. wherem the step pf 
■die analyte cbnipiises: 

* ■ • « 

.applying an electrical jx>taitial aiOTss tte 

nieasuring a current at one or m<OT intervals, the current being ge^ 
response to the electrolysis of the redox mediator in the pr^ce of the analyte; and 

correlating the concojtratiMi of the analyte. to the measuied current 

■ • 

91. The method of claim 82, wherein die redox mediator comprises a transition 
metal complex. 

- 

92. The method of claim 91, wherein the transition metal complex comprises an . 
Osmium complex. 



93. The method of claim 92, wherein the osmium complex comprises 
complexes with at least one Ugand having a nitrogen-containing heterocycle 



osmium 
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94.. . llie method of claim 93, wherein the ligaiid 

■ " ■ ■ 

betemcycle comprises 2^>bipyridine,vl»10-phenanthn)line^ er a derivative thereof. . 

*•.,•• • - • . 

95. The method of claim 94, wherein the ligand having a mtrogen-coDtamiiig 

beterocyple comprises.a mono-, di-, or polyalkoxy doivative of 2;2'*bipyrid]iie or ; 

■ * 

1 ,1 OT^phenanthroline, wherein the carbon to oxygen rado of the alkoxy functional 

groups is. sufficient to retain soltiUlity of the transition metalcoihplex'in waler prior'.- 

* * * . ■ ' . . 
to crosisUtiking. 

• • • • • .... ■ • . • • 

• • . ■ • • 

96. The method of claim 95, wherein the ifitrogeiH^ntaining heterocycle 

■ * • " ■ 

comprises 4,4*<^ialkoxy>2,2*-bip>Tidineor:4,7 - 

. ' ■' ' *• ' •*. . • * * . - 

wherein the caiboh to oxygen ratio of the alkoxy fimctioiuil groups is sufficient to 

■• . . . " • 

retain solubility of the transition metal complex in Wat^ prior to cro^Iinkitig. 

. ' .' ' . . . • • . i 

97. The method of claim 96, wherdp the nitrogen<;ontaii|ing hetCTOcy 

* - • * * ' ■ 

comprises 4,4*-dimethoxy-2,2Sbipyridine or 4,7*diinethoxy-l,10-phenanthroline. 

• : • * . : . • " . . . ■ 

' ' • ■ * ■ .. , 

• « • « « a • 

98. The method of claim 92, wherein the osmium complex comprises osmium ' . 
complexed with a polymeric ligand. . 

i •' ■ • . . . , 

•I ^ ■ ■ « .... 

■ ■ ■ . ' * 

■ . ■ 

99. The method ofcla3m'98,i7\4ierein the poiyiheric ligand comprises a nitrogen 

containing hetoocyde: 

... . ... . . 

■ - • . ... . 

* ' ■ ■ • • . ■ ■ 

. ... ^ 

1 00. The method of claim 99, wherein the polymer cbmprises poly(4"Viny] 
pyridine) or poly (1-yinyl iinidazole). 

■ 

101 . The sensor of claim 100, wherein the redox mediator comprises Os[4,4'- 

* t * 

dimethGxy-2,2-bipyridine]2Cr'*' or Os[4,7-dimethoxy-l,10-phenantharoline]2Cr'*^ 
complexed with poly (1 -vinyl imidazole). 

• - • 

102. The sensor of claim 82, wherein the sensor further comprises a second 
electron transfer agent coated on the support and in contact with the redox mediator. 



103. Thesensftrofdaimioiwlieid^ 

•'■ enzjFine. -' . ■ 

... 

• .* • • " '• . ■ ... 

• . . . , ■ • ■•• • • 

104. The sensor of claim 102, Wheidn flie secdiKlelectaMi transfer agra^ 
. immobilized oh the support 

■ 

105. T>e sensor of claim 82ii^*erdn tl» 

immobilize on the support » 

. . ■ * . 

• •• ' * ■ , ■ 

106. A method fo^ measuring aiialyte in a pa^ 

contacting the patient vwth an analyte measuring device, the device 
comprising: 

sample acquisiUon means for producing a patient sample; and 

^ electrochemical sensor for ineasuring analyte in the 
wherein the electn>cheniical sensor comprise: 

a facing electrckle pair, comjpirising a worki^^ 
counter electrode; and . . • 

a measurement zone positioned between the working 
electrode and counter electrode, wherein the measurement zone is 

sized to contain a volume of less than about 1 nL of sample; 
acquiring a sample using the sample acquisition means; 

• * ' ■ . * 

transportmg aportion of the saniple to the measurement zone of the 

' • . ■ ..-•.* ■ _ 

electfochanicai sensor: and 

. -. * 

detennining the concentration of the analyte in the sample by coulometiy. 

1 07. The method of claim 1 06, wherein the sample acquisition means comprises a 
skin-piercing memberand the step of acquiring a sample comprises piercing the 
patient's skin to produce a sample. 

1 08. The method of claim 1 07, wherein the skin piercing member comprises a 
lancet. 



• . * ' ♦ . . . 
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109. Thic mediod ofclaiin lQ6,vteranthe^ ' 
comprises a soib«it material disposed wthip the meJKu^ zone of the sc^i5or* , 

11 0. The method of claim 1 09, wherein said transporting coinjmses: 
Mocking the sample into the measmement zone using 

111; The method oif claim 1 06, whereiD the measurement zone is sized io cpntain 

a volume of less than about 0 J. pL of sample* 

■ * . ' ■ ' • * 

112. Tbc method of claim ill, wherein the measurement zone is sized to contain 

• • • • , • 

a volume of less than abolit 0J2 ^ of sample. 

• ' ♦ * - . • 

.1 13; The sensor of claim 1 12y whl^ein the measurement zone is sized to contain a 
volume of less than about D.1 pL of sample. 

114. The method ofclaim 106, wherein the sensor iurtherciompri^ anon- 

. • ' • - . . . 

leachable redox mediator. 

. ■ . • * . • . . * • . ■ • 

115. The.metfaod of claiih 1 1 wherein the.redox mediator is an air-oxidizable 

redox mediator. 

116. A method for measuring analyte in a patient sample, the method comprising: 

contactirig the patient with an atialyte measuring.device, the device 

• • - . * • 

comprising: . 

Sjample acquisition means for producing a patient sample; and 

an electrochemical sensor for measuring analyte in the sample; 

* ■ ■ ' ' ' ' . . * 

ivherdn the electrochemical sensor comprises: 

a working electrode; 
* non-leachable redox mediator on the working electrode; and 



W098i3SZ2$ 

a simple chamber for holding the sample fa dec^ 
contact with the working de(to>de. 

sized to contain a vohrnie of Jess than abotat 
. aojuiring a sample using the sample acquiationniean^ 
transporting a portion of the sanipfc to the ranrofe 

electrochemical sensoi; and 

deterriiiningthe concentration of the andytei^^ ; . 

.1 1 7. An aoMyte measurement de^ce 

sample aajuisition means for prmhiciiig a patient sample; 

an electrocheimcal soisor comprisih 

. ■ • .' ■ • ' < . . • . 

a feciiigelectrode pai> comprising a wor«ng dectr^^ 
electrode; 

a Don^leacluible redox mediator oothe^^^ ; 

* * ♦ • • • • ■ 

a measurement zone portioned beb»^ 
counter electrode: . 

• * ' * 

wherem the measurement zone is azed lo contaui a volmne of ite^ 
than about 1 |iL of sample; and 

tranqxxrt me^ for transporting the sample produced by the sample 
acquisition means to the measurement zone of the sensor. 

• • • 

118. Thedeviceof daim 117. wherein the sampl? sfcquisitibn means coi^^^ 
skin-piercing inember. . 



119. The device of claim 1 1 8, wherein the skiivpierciiig member cornprises 
lancet. 



120. Tlje device of daim 117, wherein the redox mediator is immobilized on the 
working electrode. 

121. The device of daim 1 1 7, wherein the redox mediator is an ai^-oxidizable 
redox mediator. 
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122. The device of claim 1 17, wherein the transport means comisises a mcking 

» • ' ' ' • ■ -* * 

. ... • ■ ■ .■ 

material, a (^piUaiy diamber, or a pim 



123. An analyte measurement device comprising: . . * / - 

■ • . ■' . ' • * ; • • • 

• •••• ...^ ^ , • 

sample acquisition means for prodticing a patient s^ple; and 

an electrochemical sensor coupled to the sample acquisition means, 

comprising: * . 

* ' • . ■ • . 

a facing electrode pair comprising a working electrode and a.counter 

. clectorod^. " • • ' ... 

, • ■ * • 

a measurement zone positioned between the working electrode and 

• • . • . 

counter electrode; and 

soihent material disposed within the me^sur^ent zone; 

wherein die measurement zone is sized tp contain a voluihe of less • 

. • ■ • * ' • ■ 

than about 1 fil of sample; and 

*.'"•. • ' 
... - . 

trahq)ort means for traiiqx>rting the sample produced by the sample . . 
acquisition means to the measurement zorie of the sensor. 



124. The device of claim 123, wherein the transport meabs is the s^rbent material. 

• • • 



1 25. A method for determination of a concentration of an analyte in a sample, the 

method.comprising the stqis of: 

. • • • 

contacting a sample with an electrochemical sensor comprising: 

. first and secoiid electrode pairs, each pair comprising a working 
electrode, and a sample diambor for holding the sample in electrolytic 

contact with the working electrode, the sample chamber sized to contain a 
volume of less about 1 uL of sample; wherein said first electrode pair 
includes a non-^leachable redox mediator and anonrleachable enzyme on the . 
working electrode; and wherein said second electrode pair includes non- 
. leaebable redox mediator on the working eleptrode in the absence of enzyme; 



WO2W05225 FCTAJS98/a2e9. 

• > • • • 

» * ' • ■ * ■ • 

iqeasunng substantially simultaneously, and at two or more times, a first . 
. cuirent generated at the fiist electrode pair and a second cinrait g»eratea at the 
second electrode pair; and 

integ^atmg Ibe measured first ci^^ 

• ■ ' ..'** • *■ 

integrating the measured second cui^ - 

charge; 

.' ' • • . ■ • ' ' 

CTbtracting the second charge fitim the first 

. charge; and . . 

... • • • • • / . 

correlating the cpnccntratioh of the analyte to the npis^ 

126. The method of claim 125, itvherein the first and second eJcctrodc pairs are 
feciflg electrode pairs and iiirther cbftipiise a counttir dectiode aad a measurement 
zone behwM the working ek^^ 

sized to contain a volume of less than about 1 pL of sample. 

. . . ■ . , • ■ 

• ' ' . '. .■•*-.■ ■ .• . 

127. A method for determining a concentration of an analyte in a sample the 

. method comprising the stqis of: 

providing an dectrdchemical sensor, the sensoir having one or more ifacing 
electrode pairs, each electrode pair coniprising a working electrode, a counter 
electrode, and a measurement zone between the working electrode and the counter 
electrode, the measurement zone having a volume of less than about 1 pL; wherein 
the measurement zones of the one or more electrode pairs have approximately equal 
volumes, and wherein at least one of the electrode pairs finther comprises redox 
mediator on its working electrode; 

measuring a capadtance of at least one of tl^ 

calculating tlie volume of the measurement zone from the capadtance 
measurement; 

contacting the.sample with the sensoi; and 

determining the corK^entration of the analyte in the sample by coulometry . 

♦ . • - • 

1 28. The method of claim 1 27, wh^ein the redox mediator is a noh-leachable 
redox mediator. 
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■ ■ ■ • * • 

129. . A method of storing and packaging an analytical sensor comprismg the steps 

of:. •• ■ • 

- ■ . ♦ . 

^ . packagiiig an aiialy tical sensor in an atnioqshere cont^^ 
. oxygen, the sensor compri^g an. £dr-oxidizable redox med^ \ ' - ' 

• • • . ... . ' • * ■ ■ 

130.. The method of claim 129, v^erein greater than 90% of the redoxmediator is 

'•^ • ■• • • . . • -. '.•. ' ■ ■* ' . • 

". .. ■ . - • • • ! ■ • ' • ••. . ^ . 

in an oxidized state after being stored for'more than one month. 

... . .. • . - .... 

131. A method for determining a concentration of an analyte in a sample 

* .■*•.*"' *■'■ •*' *• 

comprising the steps of: . ' . . .. 

cdntactmg the sample with an electrochemical sensor, the sensor compri^g . 
a working electrode and a non-Ieachable redox mediator on the working electrode, 
wherein thef molar amount of redox mediator in a reduced form prior to intnoductipn 
of the sample is less than, on a ^oichiometiic basis, S% of 

. ■ • • • 

amount of die analyte to be electrolyzed; 

electrolyzing less than about 1 pL of sample; and 

■ . .- ^ •• ■ 

determining the concentration of the analyte in the sample by coulometry: 

* 

132. A method ofdetemiining a Concentratiohofan analyte in a sample 

* . . ■ * 

comprising the steps of: 

contacting the sample with, an electrochemical sensor comprising a working . 
electrode, a counter electrode, and a measurement zone bounded on at.least.two 
sides by the wOTking and the counter electrodes, wherein the measurement zope is 
sized to contain less than about J pL of sample; and 

determining the concentration of the analyte in the sample by coulometry. 

« ... 

■ • • 

133. The electrochemical sensor of claini 5 1 , wherein the working electrode 
comprises a first ann and the counter electrode comprises a second arm, a portion of 
the first ami^verlapping a portion of the second airm, the measurement zone 
comprising a region between the overlapping portions of the first and second arms. 



W098/35Z25 • ' 

» ■ 

.65 

134; TheelectoocheDMcal^^^ 

lengdi and the overl^g portion of the first ann iui? a wida.,.>vhereui aiatib of the 
extra length ofthe first ann to the wid^ ' 
ranges fixHra 6. J :I to 50:1. 



135. The clcqtrpchenuqal sensor of claim 134, wherein the ratio rangii fiwiiM 

to 15:1. ■=•••/ ' ■ • • . ■•• •■ . ■ 



136. The electrochemical sensor of claim 134. wherem the ratio range; fimn 4:1 
to 10:1. . . • . . - . 



137. The electrochemical sensor of claim 133, -wherelb the fiist and second anns 
iiitersect at an angle greater than 0 degrees.^ 

■ - ■ . ' 

' . • • • " 

138. The eledrochcmical sensor of claim 74, whera^ 
comprises a powdered material dij^wsed on the working elect^ 

• • - • ► 

139. electrochemical sensor ofclaim 51, wherein the fjKSingele^ 
comprises a ba?e material having a recess and at least one of the working eledrode 
and the cpuiito electrode diqwsed in thp recess! 

140. electrochemical sensor of claim 51, lurthia^compri 

di!^ in the measmement zone to dewease a volume of the measurement zone 
available for the sample. - 

■ * • 

14K The elwrtrochemical sensor of claim 140, wherein the filler nwteijal is 
bydrqdbiKc. 

• • ■ * 

142. The electrochemical sensor of claim 57. wherein the two or more facing, 
electrode pags comprises a first electrode pair responsive to a first analyte and a 
second electrode pair responsive to a second anaiyte. 
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143.. The method of claim 33, wherein the sensor comprises at least two woricing 
electrodes, each working electrode having an associated measurement zone. 



144 The me^thbd of clsnm 143, wherein detennining the concentration of the 
andlyte comprises averaging measurem^ts firom. the at least two working electrodes. 

• ■ ' • - * 

• • ■ ■ ■ • , 

• ■ • 

145. The method of claim. 144, wfaimindetenmnm 

analyte. further ccHnpiis^. eliminating measurements whidi exiceed a thjresbold vahie. 



146 The method of claim 145, wfaeiem deteimimng the concentration of the 

* • • 

analyte 

measurements. 
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